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SPATIAL AND TEMPORAL SEISMIC ENZRGY RELEASE IN THE EFATE REGION
(CENTRAL NEW HEBRIDES ISLAND ARC) : EVIDENCE FOR BUCKLING ?
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Abstract. A study of the spatial and temporal distributions
of the seismicity in the central New Hebrides island arc
shows that the Efate region (including the interplate boundary
and the upper plate) can be considered as a single block under
stress. Repeated activation of very specific zones within this
block as indicated by seismic clusters is temporally correlated
with larger than average energy release rates. These relative
‘high rates are associated with main shocks with magnitude
(Ms, mb) > 5.0 in the upper part of the interplate boundary
and indicate that slip at the plate boundary is not steady. .No
correlation is found with main shocks located in the lower
part of the interplate boundary, where slip occurs more
freely. We propose that these observations are consistent
with a buckling process with a wavelength of about 170 km
within the overriding plate. Buckling or bending of the upper
plate may be due to the impingement of a scamount on the
subduction system, elevating the stress level of the Efate
region, which behaves like a single mechanical entity.

Introduction

Numerous investigations of the connection between major
interplate earthquakes and outer rise events show that the
connections are time delayed (5 to 40 years) and suggest that
visco-elastic processes may be involved [e.g. Li and
Kisslinger, 1985 ; Rydelek and Sacks, 1990).
Corresponding models predict that occurrence of outer rise
events varies both spatially and temporally. In a few cases
(Kuriles, New Hebrides), a change in state of stress in the
-outer rise from extension 10 compression is temporally
observed [Christensen - and Ruff 1988], and some. authors
have proposed using this pattern for moderate term
earthquake prediction {e.g. Dwomska and Lovison, 1988].
While the effect of coupling on the regional stress field is also
evident in the overriding plate and in the subducting plate
‘below the interplate coupled zone, its study requires
preliminary identification of the processes involved as well as
accurate hypocenter locations [e.g. Astiz and Kamamori,
1986; Dewey and Spence, 1979; Dwomska and Lovison,
1988, Dwomska et al., 1988; Lay et al., 1988; McNally et
al., 1986; Seno, 1979; Spence, 1977, 1986, 1987]. In this
study we focus on a possible connection between interplate
events and events in the overriding plate using data from a
local network located in the central part of the New Hebrides
island arc. The events within the overriding plate are clusters
of events occurring few months before or after the main
energy release in the coupled part of the interplate boundary.

The central New Hebrides island arc can be divided into at
least four segments (northern Santo, southern Santo-northern
Malekula, southern Malekula, Efate) [Taylor et al., 1980]. A
network: of 19 seismograph stations was established in 1978-
1979 in this part of the arc as a joint project between
ORSTOM and Cornell University. As the focus of this paper
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is the seismicity of the Efate segment, the zone covered by the
network has been divided in 3 reégions, which for
convenience we call the Efate region, the northern region, and
the southern region without further distinction of blocks north
or south of the Efate region (Figure 1). The edges of the
Efate region arc marked by two barriers limiting the
development of aftershock zones, designated as boundary 1
and boundary 3 (boundary 2 located in the northem region is
not considered in this study) [Chatelain et al. 1986). These
are roughly located at 17.2°s and 18.1°S respectively (Figure
1).

On a large scale, the Efate region is a transition zone
between subduction to the south and a portion of the plate
boundary that might be locked to the North [Chatelain et al.,
1986] . At a smaller scale, the Efate region shows an
interruption of the deepest part of the trench coinciding with
the arrival of the ORSTOM seamount in. the subduction
system (Figure 1). These features together with the
difference in seismicity regimes up-dip and down-dip are in
favour of a stick-slip motion in the up-dip part of the
interplate boundary, while the down-dip part slips more
freely.

Uging data collected by the local ORSTOM/Cornell
network (detecting events ‘with magnitude > 1.9) from
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Fig. 1. Map of the central New Hebrides island arc, showing .
the northern, Efate and southern regions, as defined in this

study. The black area represents the 4000 meter contour of

the ORSTOM seamount. The grey area represents the 6000

meter contour of the trench. The two thick black lines

represent boundaries 1 and 3, and the boxes represent the

four zones (A, B, C, D) repeatedly activated by clusters of

earthquakes, from Chatelain et al. [1986].
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Fig. 2. Map of the Efate region, as defined in this study.
The shaded area represents the down-dip zone with high
background seismicity level. Boxes represent the four cluster
zones from Chatelain et al. [1986]. ORSTOM seamount and
trench contours as in Figure 1. The magnitude (Mg, mb) >
5.0 main shocks that occurred during the period 1978-1990
are shown by open circles in the down-dip zone, and by solid
circles numbered by chronological order in the up-dip zone.
Magnitudes of up-dip main shocks: 6.2 (1); 7.1 (2); 5.1 (3);
6.7 (4); 5.6 (5); 6.3 (6); 5.1 (7); 5.1 (8); 6.2 (9).

October 1978 to 1984, Chatelain et al. [1986] have shown
that most of the seismicity is concentrated in the Efate region
and that two regimes of seismicity characterize the Efate
region. Next to the trench (termed the up-dip part of the
contact zone), the background seismicity level is low, and
main shocks (magnitude Ms, mb > 5.0) are followed by large
aftershock zones. Nearer to the island arc (termed the down-
dip part of the contact zone), the background level is very
high, and main shocks are followed by small aftershock
zones or no aftershocks at all. Most clusters of seismicity are
located in the Efate region and are not randomly distributed.
Instead, they occur in four distinct well determined zones: one
is located up-dip (Zone B), one down-dip (Zone A), and two
in the upper plate (Zones C and D) (Figure 2). These
observations, revealed by the study of the seismicity from
1978 to 1984 are still observed through 1990. From 1978 to
1990, the station distribution in the Efate region remained the
same, there is thus no variation of network sensitivity with
time.

In this paper we investigate the temporal and spatial
relationship between peaks of energy release in the up-dip
part of the contact zone and occurrence of clusters in the Efate
region, indicating that (1) this region behaves like a single
mechanical entity and (2) the distribution of clusters in the
upper plate can be explained by buckling process.

Data Analysis

From October 1978 (when the network started operating)
to December 1990, 36 earthquakes with magnitude (Ms, mb)
> 5.0 occurred in the Efate region (for seismicity crisis, only
events with the largest magnitude were considered). Nine of
these earthquakes occurred in the up-dip part, while the others
occurred in the down-dip part (Figure 2). The nine up-dip
main shocks can be correlated to the major seismic episodes

" in the larger region comprised between 15°S and 19.5°S, as
well as in the Efate region, while activity North of the Efate
region can be connected only to event 2 and activity South of
the Efate region to event 6 (Figure 3). These observations
attest that the main energy release in this time period is located
in the Efate region.

We calculated the seismic energy released in the Efate
region by earthquakes shallower than 80 kilometers in six
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Fig. 3. Monthly energy release in the regions delimited in
Figure 1: (A) entire region, (B) northern region, (C) Efate
region, and (D) southern region. Occurrences of up-dip
magnitude (Mg, mb) > 5.0 main shocks are shown by dotted
numbered lines. Numbering for main shocks as in Figure 2.
Energy has been calculated with the formula Log(E) = 114 +
1.5*M. For ecach month the summation of Log(E) is
represented rather than summation of E, in order to avoid
squeezing of the scale by the highest peaks. For each region,
the energy release has been normalized to the highest peak of
the given region. Energy values for the highest peaks are (in
ergs) : 1.20 10 **22, 5.64 10**21, 1.17 10**22 and 8.00
10**21 for the entire, northern, Efate and southern regions
respectively.

distinct zones : up-dip, down-dip, and zones A,B,C,D.
Whereas zones A and B overlap the up-dip and down-dip
zones, zones C and D are totally separate (Figure 2). Peaks
in energy release in these 6 zones are closely related within a
few month time lag. Moreover, energy release in the different
zones are correlated in time with magnitude (Ms, mb) > 5.0
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Fig. 4. Monthly ¢nergy release in the up-dip, down-dip and
cluster zones A, 13, C, D of the Efate region. For each zone
the energy release has been normalized to the highest peak of
the given zone. Numbered lines show the occurrences of
magnitude > 5.0 up-dip main shocks in the Efate region.
Numbering as in Figure 2. Maximum energy release are (in
ergs) : 1.15 10**22, 2.81 10%*21, 1.85 10%*20, 5.37
10%%20, 4.45 10**19, 2.87 10**19 for the up-dip, down-
dip, A, B, C, and D zones respectively.



Chatelain and Grasso: Buckling in the New Hebrides Arc

events located in the up-dip zone (Figure 4), but no
correlation is apparent with the magnitude (Ms, mb) > 5.0
events that occur in the down-dip zone. No consistent cycle
appears in the spatial distribution of energy release. The
delay between energy release in the different zones is also
variable from almost instantaneously to few months before
and/or after the up-dip main shock occurrences (Figure 4).
Thus, the activity in none of the 6 zones appears to control the
triggering of seismic activity in the others, and no
reproducible seismic migration can be observed. Rather, the
"Efate region (comprising the contact zone between the two

" plates and the upper plate east to zone D) behaves like a single
entity under stress.

Discussion and Conclusion

Kanamori [1971] suggested that the great and apparently
systematic variations in the size of large interplate earthquakes
from one subduction zone to another correlates with the
degree of compression across the plate boundary. Different
.idealized subduction types have been proposed according to
their seismic coupling cfficiency as estimated by the
maximum earthquake size [Ruff and Kanamori, 1980} or by
summing seismic moments [Petterson and Seno, 1984].
Thus, variations in seismic coupling along arcs can be related
to variations in the mean normal stress that act across the
subduction zone plate interfaces. At a smaller scale, in

:comparing arcs with different seismic coupling, Lay and
Kanamori {1981] assumed that stresses are inhomogeneously
distributed on the interface and that the areas of concentrated
moment release are the most highly stressed regions and
probably the most strongly coupled zones. In absolute value
the New Hebrides subduction zone is of type 3, following
Kanamori's classification, i.e. moderate coupling. In this
study, at distances of the order of 100 km we work with, the
Efate region is the highest coupled region of this part of the
New Hebrides arc. Assuming the asperity model, we expect

-that this region undergoes the highest regional stress. This
description points out the importance of the scale factor in
investigating the mechanics of a tectonic area. This scale
factor is fundamental to determine what are the driving forces
of the object (Efate region) we study in this paper.

To explain the observations presented in the previous
section, it is necessary to focus on the interface between the
two plates. Sykes and Quittmeyer [1981] propose possible
down-dip variations of seismic coupling in individual
subduction zones. Our up-dip and down-dip seismicity
zones correspond, respectively, with areas of strong and
weak coupling. The correlation between energy release in the
strongly coupled. zone (up-dip events) and swarm activity
eastward of this zone in the upper plate are indicative of high
stress in the whole area. Earthquake clusters occur
selectively in comparatively weak zones within the crust and
sensitively reflect the state of crustal stress. Locations of
such weak zones at different scales have been reported fe.g.,
Xu and Shen 1981]. The clusters located within the
overriding plate occur in time intervals spanning a few
months before and after the main energy release in the
coupled part of the interplate boundary (up-dip zone). The
correlation between the up-dip events and the clusters is
neither the result of a propagation process nor the effect of
faults as found in other regions {e.g., Li and Kisslinger,
1985 ; Mogi, 1981 ; Tsukuda, 1988]. Rather, this correlation
is interpreted as the result of forces applied simultaneously to
the whole Efate region, with small temporal separation (from
almost instantaneously to 1-3 months; see Figure 4) being
only a manifestation of differences in rheological responses.

The seismicity defines the Efate region as a block of
homogeneous behavior. The east-west extent of the block
(about 200 km) is bounded by the development of clusters of
seismicity. The north-south extent of the block (about 150
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Fig. 5. Schematic cross section of the Efate block. In the up-
dip part of the interplate boundary the subduction process is
perturbated by the arrival of the ORSTOM seamount. As a
conscquence, the Efate region behaves like a single
mechanical entity, leading to buckling process in the upper
plate with repeated activation of weak zones in the upper plate
linked to episodes of main energy release along the up-dip
part of the interplate boundary.

km) is bounded by major events locations, background
seismicity level, and aftershocks migration.

The localization of the clustered activity in front of the most
strongly coupled area (Figure 5), is induced by high stress'in
this zone, despite the fact that it is usually assumed that in
subduction zones, earthquakes are result of slip instabilities
that depend on the contrasting stiffnesses of the fault and the
coupled- plate system {e.g. Stuart and Mavko, 1979; Li and
Rice, 1983a,b]. To solve this apparent paradox we need 10
describe the local source of stress, which is able to perturb the
transient subduction slip. The geometry of the sea floor
exhibits (1) an interruption of the trench in front of the Efate
zone and (2) the ORSTOM seamount located westward of this
interruption (Figure 2) . These two features may explain the
local high coupling between the two plates and the collision-
like behavior of the overriding plate. Note also that these two
features and the cluster zones are aligned in the direction of
plate convergence (Figure 2) .

We propose that a buckling process within the overriding

plate explains the spacing between the cluster zones. This .

process is observed in different tectonic setting using either
seismic activity or deep seismic imaging or geodesy [Sacks et
al. 1978 ; Xu and Shen 1981 ; Awata and Kakimi 1985, Bull
1990]. The proposed models investigate different rheologies
of the lithosphere to fit the available observations, i.e. plastic
rheology or recoverable elastic properties [e.g., Turcotte and
Schubert, 1982 ; Martinod and Davy, 1992]. The model of
Martinod and Davy {1992] can be used to estimate the
wavelength of oceanic buckling.as a function of the
lithosphere age in the New-Hebrides area. Unfortunately no
estimate of the age of the upper plate in the Efate region is
available. However, the spacing of weak areas deduced
either from cluster activity (D=1/2=70 km), or from the
distance to the trench of the first cluster /2=100 km), imply a
wave length, 1, of about 170 km (Figure 5). Such a
wavelength dimension is in agreement with a 35 Myr old
plate, which is within the range of estimates of the age of the
plate in the northern region [Recy et al., 1990).

Such correlation distances are observed with other tools
(e.g. water level change). As with our observations, changes
are not always coseismic (either few months before or after
major events) and poroelastic effects fail to explain long
distance correlation [e.g. Sadovsky et al., 1984; Roeloffs,
1988]. Thus, the model proposed here may have a general
meaning and can apply in other settings.
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