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S U M M A R Y
We examine a variety of mechanisms that have been proposed as contributors to the stress fields
expressed as intermediate-depth seismicity in subducting slabs. To this end, we study principal
stress orientations for a global data set of 1900 intermediate-depth focal solutions, determining
the patterns of events characterized primarily by downdip compression, downdip tension, or
neither. In regions dominated by downdip principal stresses, we find that conjugate stress axes
exhibit preferential slab-normal orientations. Furthermore, we observe a clear trend of ther-
mal control, in which colder slabs exhibit greater components of downdip compression while
warmer slabs display greater downdip tension. In those regions not dominated by downdip
principal stresses, a significant number of events exhibit lateral stresses in the form of subhor-
izontal principal axes in the plane of the slab. We conclude that the evidently complementary
roles played by lithospheric age and subduction rate in constraining stress regimes support ther-
momechanical and petrological buoyancy models for control of intermediate-depth stresses.
Moreover, observed lateral stresses support the traditional model of a squeezed ping-pong ball
and stress patterns overall are consistent with some influence by reactivated fossil faults.

Key words: intermediate-depth seismicity, stress orientation, subduction earthquakes.

1 I N T RO D U C T I O N

The purpose of this study is to provide a new appraisal of the
various mechanisms proposed as contributors to stress release in
intermediate-depth earthquakes (with foci between 70 and 300 km).
We are motivated to carry out a new study in a field with a long his-
tory of investigations (e.g. Isacks & Molnar 1971; Davies 1980;
Fujita & Kanamori 1981; Apperson & Frohlich 1987; Vassiliou &
Hager 1988; Zhou 1990) by three recent developments: the constant
updating of the earthquake database through improvements in loca-
tion techniques (Engdahl et al. 1998) and centroid-moment tensor
data sets (Dziewonski et al. 1983, and subsequent quarterly updates);
the design of a new visualization technique for large data sets of
focal mechanisms providing unbiased optimization of regional di-
rections of principal stresses (Chen et al. 2001a); and progress in
the understanding of the mineralogical fabric of slabs as a function
of pressure and temperature (e.g. Bina et al. 2001).

This paper first presents a review of several previous models for
the geometry of stress release in intermediate-depth earthquakes. A
database of 1900 focal solutions is then assembled and organized in
systems of slab-oriented coordinates for 50 distinct geographic seg-
ments covering all of the subduction zones of the Earth. This allows
the formal characterization of each earthquake as downdip com-
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pressional (hereafter DP), downdip tensional (DT) or not aligned
downdip (ND). In turn, individual regions can be formally defined
as dominated or not by downdip stresses, based on their relative
populations of DP, DT and ND events.

The previously published models are then critically analysed and
their predictions evaluated in the context of the geometrical param-
eters of stress release in each of the 50 regions. We conclude that
lithospheric age and subduction rate play complementary roles in
controlling downdip stress patterns at intermediate depths, in agree-
ment with thermomechanical and petrological buoyancy models.
Lateral stresses in strongly curved arcs are consistent with the tradi-
tional model of a squeezed ping-pong ball and seismic stress patterns
are also consistent with influence by reactivated fossil faults.

2 P U B L I S H E D M O D E L S F O R S T R E S S
R E G I M E S I N S U B D U C T I N G S L A B S

2.1 The thermomechanical model

In the very first global analysis of the focal geometries of non-
shallow earthquakes, Isacks & Molnar (1971) made the fundamen-
tal observation that intermediate-depth earthquakes exhibit downdip
compression in regions where seismicity continues to greater depths
(∼500 km) and downdip extension where a marked seismicity gap
separates the deepest seismicity, or where deep seismicity is entirely
absent. This was generally interpreted as the result of interaction
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between: (i) the negative buoyancy of cold, hence dense, slabs;
(ii) frictional forces expressing shear stresses on the two sides of
the downgoing slabs; and (iii) resistant forces expressing inhibition
of slab penetration into the lower mantle, as a result of increasing
viscosity and/or chemical changes at the bottom of the transition
zone (Richter 1979).

However, the consistency of observations predicted by the ther-
momechanical model has been questioned by Green & Houston
(1995), who noted that those subduction zones with continuous
seismicity to the greatest depths and DP events at intermediate
depths (such as Tonga, the Solomon Islands, Japan, and much of
the Kuriles) still exhibit a significant minimum in seismic activity
around 350 km. Despite detailed studies of several of these regions
(Zhou 1990; Lundgren & Giardini 1992), it remains hard to bring
the argument to a clear verdict, given the complexity of their stress
regimes and the difficulty of visualization of their focal mecha-
nisms.

2.2 Petrological model of buoyancy forces

Recent studies (Bina 1997; Yoshioka et al. 1997) have proposed that
perturbations of phase transition boundaries resulting from thermal
anomalies in slabs are major contributors to their stress fields. The
latter can be modelled by considering contributions from thermal
contraction of the slab, perturbed boundaries of phase transitions
and the possible presence of a wedge of metastable olivine (Goto
et al. 1983, 1985, 1987; Bina 1996, 1997; Yoshioka et al. 1997).
Guest et al. (2003) have recently proposed that accumulated vol-
umetric stresses from successive phase changes can generate slab
stress fields that are qualitatively consistent with observed seismic-
ity and exceed in magnitude stresses arising from buoyancy forces.

In the case of deep earthquakes, Bina et al. (2001) successfully
modelled stress orientations, and the distribution and cessation of
seismicity, thus confirming the major role of these petrological
buoyancy forces on slab stress regimes. This suggests investigat-
ing whether or not such thermally induced forces also control stress
fields at intermediate depths. To this end, we will consider regions
with dominant downdip stresses and make use of the concept of
slab thermal parameters (Kostoglodov 1989; Kirby et al. 1991) to
investigate the performance of this model, which we will refer to as
the petrological model.

2.3 The ping-pong model

The arcuate, oceanward convex, geometry of the majority of ocean
trenches was noted early on by Frank (1968). Their curvature can
be quantified through the concept of the radius of curvature (RC)
angle, defined as half the vertex angle of the cone subtended at
the centre of the Earth by the small circle describing the arc on
the surface of the planet (Tovish & Schubert 1978). Frank (1968)
further inferred that, for an inextensible spherical shell, the RC angle
should equal half the dip angle of the subduction, as in the case of
a squeezed1 ping-pong ball. This condition ensures that the total
curvature of the slab surface remains zero, creating no membrane
stress (e.g. Creager et al. 1995). Regions that deviate significantly
from this relationship would experience substantial lateral stresses
(Isacks & Molnar 1971; Bevis 1986). In this framework, we shall

1We prefer the adjective ‘squeezed’ to the commonly used ‘punctured’ when
describing the familiar deformation of a ping-pong ball, as it usually does
not involve a rupture of the shell.

investigate whether regional stress patterns associated with features
of slab geometry can be predicted from Frank’s model, which, for
brevity, we call the ping-pong model.

2.4 Double seismic zones

Ever since the observation by Sykes (1966) in the Southern Kuriles,
it has been known that several subduction zones exhibit double seis-
mic zones in the depth range 65 to 185 km, with the upper layer in
downdip compression and the lower one in downdip tension (e.g.
Kuriles, Kao & Chen 1994; Northern Japan, Umino & Hasegawa
1975). Stresses associated with phase changes (Veith 1974; Kao
& Liu 1995), unbending of the slab (Engdahl & Scholz 1977;
Tsukahara 1980; Samowitz & Forsyth 1981; Kawakatsu 1985), sag-
ging of the plate (Sleep 1979) and thermoelasticity (House & Jacob
1982; Hamaguchi et al. 1983) all have been proposed as a possi-
ble origin of double seismic zones. In addition, Yamasaki & Seno
(2003) have proposed that intermediate-depth earthquakes may arise
from a mechanism involving dehydration embrittlement; calculated
dehydration loci for subducted oceanic lithosphere would form two-
layered structures that are consistent with observed double seismic
zones. Regardless of which of those mechanisms are physically plau-
sible, they would have to accommodate the non-ubiquitous character
of double seismic zones and contribute to the stress regime only over
a small range of intermediate depths.

2.5 Fujita and Kanamori’s (FK) model

Fujita & Kanamori (1981) conducted a global survey of then-
published focal mechanisms between depths of 70 and 230 km,
and suggested that the stress in the slab is controlled by its age
and by the rate of convergence at the trench. In old and slow slabs,
their sinking, as a result of thermal contraction, tends to be faster
than surface convergence and hence DT stresses are expected in-
side the slab. Young and fast slabs are the exact opposite and DP
stresses would be expected. Old and fast, or young and slow, slabs
are expected to exhibit mixed stress patterns. These authors also
pointed out that double seismic zones tend to occur in old and fast
slabs, whereas young and slow ones feature stress patterns varying
along strike (giving rise to a so-called stress-segmented zonation of
the subduction). Fujita and Kanamori also acknowledged that the
downdip extension observed in the young and fast Nazca slab runs
contrary to the model predictions. To explain this observation, they
invoked the loading of overriding lithosphere as the dominant force
acting on that slab. We now understand (Engebretson & Kirby 1992)
that the bottom of the Nazca slab features a large age discontinu-
ity, which can result in a strong mechanical pull from the old, deep
section of the slab on its shallow and younger counterpart.

2.6 Temporal variation of slab stress as a result of large
interplate thrust events

Astiz et al. (1988) and Lay et al. (1989) proposed that one con-
tributor to slab stress regimes at intermediate depths arises from
dynamic stresses, i.e. the locking and unlocking of subducting slabs
with overriding plates during the cycle of large interplate events.
According to their model, DT intermediate-depth earthquakes ob-
served prior to a large interplate thrust earthquake either decrease
in frequency, or completely convert to DP events, shortly after the
occurrence of the large thrust shock. This pattern was observed in
several cases, notably for the 1957 Aleutian, 1960 Chile and 1963
Kuriles earthquakes (Lay et al. 1989).
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2.7 Intermediate-depth earthquakes as caused
by reactivation of fossil faults

Jiao et al. (2000) observed that an asymmetric fault system (with
dip angles deviating from 45◦) with a strike parallel to the trench,
persists down to 450 km in Tonga and the Kuriles, resembling the
fault geometry of outer-rise earthquakes. They thus suggested that
intermediate-depth earthquakes are caused by the reactivation of
pre-existing faults. Although this issue is more related to the ori-
gins of intermediate-depth seismogenesis rather than to that of stress
regimes in slabs, our compilations are capable of testing the legit-
imacy of this hypothesis, because stress orientations are related to
fault geometry.

In addition, slab stresses can be generated under specific situa-
tions pertaining to local conditions in individual slabs, such as the
lateral propagation of a tear under in-slab tensional stresses, as de-
scribed in the case of Vanuatu by Yoshioka & Wortel (1995).

As a final note, we stress that not all these models are directly
comparable: for example, the thermomechanical model (1), the
petrological model (2), the double seismic zone model (4), the FK
model (5) and the slab coupling model (6) all address the nature of
downdip stresses, whereas the ping-pong model (3) involves hor-
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Figure 1. Example of cross-sections of the Tonga Benioff zone, centred at 26◦S and involving progressively wider latitudinal bands, from 0.4◦ width (a) to
4◦ width (j). In each frame, the solid dots represent the projections of seismicity, from the catalogue of Engdahl et al. (1998). The horizontal dashed lines (at
70 and 420 km) bound the depth range over which the best fitting is carried out. The grey dashes show the best linear fits, with the dotted lines representing 1σ

deviations. The smallest variance is obtained for a 2◦-wide band (e). The enlarged box at bottom left is an enlargement of frame (e).

izontal stresses. The contributions suggested from the thermome-
chanical, petrological and FK models, are all expected to be univer-
sal, whereas the ping-pong, double seismic zones and slab coupling
models apply only in regions offering specific features in their slab
geometry or kinematics. Similarly, the variation in stress induced by
slab coupling shortly after great thrust events is expected to be tran-
sient, as opposed to universal in time. The age of the slab and the rate
of convergence have the same sign of contribution in the petrolog-
ical model (old and fast slabs are colder), but they are competitive
factors in the FK model. The effects of slab coupling and the mech-
anisms for double seismic zones may affect the shallower portion of
the intermediate-depth range, whereas the petrological forces may
contribute more to the deeper portion of the slab through variations
in the depths of phase transitions.

3 M E T H O D O L O G Y A N D DATA S E T S

The study of the geometry of stress release during intermediate-
depth earthquakes in the context of slab geometry requires the def-
inition of individual segments of subduction zones where the latter
can be deemed homogeneous. To this end, and as illustrated in the
case of Tonga–Kermadec on Fig. 1, we consider the full data set of
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Table 1. Geometric and kinematic parameters of selected subduction zones.

Depth interval Best-fitting plane Age at trench Parameters of convergence
used for
best fit strike dip (Ma) Ref. Plate or Rate Thermal Ref.

Region (km) (◦) (◦) block pair (mm yr−1) parameter � (km)

Central America
CA1 70–470 312 59 17 a COC-CAR 79 1200 b
CA2 70–290 291 52 16 a COC-CAR 73 900 b
CA3 110–240 307 49 16 a COC-NAM 76 900 b
CA4 70–210 311 32 15 a COC-NAM 70 600 b

South America
SA1 70–210 12 23 20 a NAZ-SAM 57 400 b
SA3 70–210 294 27 20 a NAZ-SAM 36 300 b
SA6 70–340 338 28 44 a NAZ-SAM 77 1600 b
SA7 70–300 355 25 44 a NAZ-SAM 79 1500 b
SA10 70–190 15 22 30 a NAZ-SAM 77 1600 b

Aleutian, Kuriles, Japan, Ryukyu
Ale1 70–230 234 38 53 a PAC-NAM 62 2000 b
Kur1 70–660 218 45 100 c PAC-NAM 80 5700 b
Kur2 70–400 253 31 130 a PAC-NAM 57 3800 b
Jap2 90–380 190 26 130 a PAC-EUR 90 5100 b
Ryu 70–230 228 45 59 a PHL-EUR 111 4700 d

Indonesia
Sum 90–300 330 39 50 a AUS-SUN 28 900 e
Ind3 70–330 271 53 144 a AUS-TIM <10 <2000 f
Ind1 70–470 244 59 140 g AUS-TIM <10 <2000 f

Vanuatu
Van1 70–350 350 60 28 h AUS-PAC 96 2300 b
Van3 70–300 336 66 50 h AUS-PAC 78 3600 b

Tonga
Ton1 70–300 186 48 110 c PAC-LAU 238 19500 i
Ton2 70–420 202 46 110 c PAC-LAU 163 12900 i
Ton3 70–420 189 52 100 h PAC-AUS 68 5400 b
Ton6 70–320 217 55 100 g PAC-AUS 33 2700 b

References: (a) Müller et al. (1997); (b) DeMets et al. (1994); (c) Wiens & Gilbert (1996); (d) Kimura (1985), Seno et al. (1993);
(e) Rangin et al. (1999); (f) Genrich et al. (1996); (g) this study; (h) Gorbatov & Kostoglodov (1997); (i) Bevis et al. (1995).
Plate and block abbreviations: Australia (AUS); Caribbean (CAR); Cocos (COC); Eurasia (EUR); Lau basin (LAU); North America
(NAM); Nazca (NAZ); Pacific (PAC); Philippines (PHL); South America (SAM); Sunda block (SUN); Timor block (TIM).

as dominated by ND events (plotting towards the apex of Fig. 5) and
thus not including them as either DP or DT on Fig. 7. This would
be the case of San (South Sandwich islands; Scotia trench in FK) or
Ale2 (Alaska in FK).

(ii) Using better constrained convergence rates, especially in the
case of decoupled blocks such as the Lau basin (Bevis et al. 1995) or
of the subduction of the Philippine Sea Plate (which has no spread-
ing centre) under the Ryukyu trench. In this latter case, we use a
convergence rate of 11 cm yr−1 (Seno et al. 1993), more than double
that used by Fujita & Kanamori (1981), and in general agreement
with both the 8 cm yr−1 predicted by Sella et al. (2002) between
the Philippine sea and China sea solid blocks, and the 4 cm yr−1

of backarc spreading reported by Kimura (1985) in the Okinawa
trough.

As a result of the elimination of Ale2 and San, and of the re-
vision of the convergence rate for Ryu, the data set plotted on
Fig. 7 no longer features a DP regime for young and slow slabs.
Rather, it suggests that the influence of age and rate are complemen-
tary, and generally supports the thermomechanical and petrological
models.

Finally, among slabs reported as fast and young by Fujita &
Kanamori (1981), we also note a significant scatter in the dip of
the slab, which varies from very shallow in South America to inter-

mediate in Central America and steep in Vanuatu (see Fig. 1). This
cannot support loading by the overriding plate as the source of the
DT mechanisms observed in those environments.

5.4 Assessment of the ping-pong model

We recall that this model (Frank 1968; Tovish & Schubert 1978)
predicts an influence of the curvature of the arc on the nature of
lateral stresses, i.e. principal stresses oriented subhorizontally and
lying approximately in the subducting plane. In order to assess the
performance of the model, we consider regions not dominated by
downdip stresses (the top half of Fig. 4) and we focus on their ND
events. We use a second ternary diagram in Fig. 8 to plot the fraction
of the population of ND events in each region that is in lateral
compression, i.e. whose P-axis is within 15◦ of the slab plane, in
lateral tension (T similarly oriented), or neither. Furthermore, we
colour-code Fig. 8 according to the quantity δ/2—RC, which could
be called the ping-pong misfit, and that should predict lateral stresses
in the slab (Isacks & Molnar 1971).

The important results from Fig. 8 are as follows. First, those re-
gions with a strong positive ping-pong misfit are found to be in
lateral tension, as predicted by the model. These are regions where
the RC angle is small, i.e. the curvature important, and these develop
a strong lateral extension. Secondly, the correlation is less good for
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