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Abstract. On Juty 13 1992 an carthyuake My = 7.3 veeorred at
Mualckulu. in the New Hebrides archipeliupo. The GPS data
collected across the New Hebrides trench between 1990 and 1996
were processed in order 10 scpurate the inerseismic and
coseismic motions from the drifts refated to the convergence with
the Austraiiun plate. ln' "GPS-derived coscismic displacements at
the GPS site in Malekul are 19 = 15 mm southward. 230 = 30
mm westward and 170 = 27 mm duwnward, when the CMT-
derived displacements are 30 mm southward. 210 mm westward
and 150 mm downward. Taking into account the interseismic
strain accumulation (23 mm/yr at the source established from
historical seismicity. 7.5 mm/vr at the GPS site). the strain-free
convergence rate at Malekula is 49 = 3 mm/yr. Other GPS-
derived convergence rates are 95 = | mm/vr at Efate and 37 =2
mm/yvr at Santo. These rates imply a regionul right-lateral motion
between the Efate and the Sunto-Malekula segments. In contrast,
the focal mechanism of the earthquake, mostly indicaies a left-
lateral motion. Therefore. we hypothesize that the earthquake is
related to variations .in the interplalc coupling along the
converging boundary of the Santo-Malekula segment.

Introduction

The New-Hebrides subduction zonc is part of the tectonic
system  which accommodates the convergence betwesn the
Australian and Pacific plates (Figure 1). Along this trench. the
Australian plate subducts eastwuard beneath the New Hebrides
archipelago which borders the North Fiji Basin. Facing the New
Hebrides archipelago. the Autralian plate bears the Lovalty and
New Caledonia ridges. which offers an opportunity for collecting
GPS observations across a subduction zone for baselines less
than 500 km long. In the present paper. we discuss the results
from GPS series at Samio :SNTQ:. Maickula (MLKL) and Efate
tEFAT). central New Hebrides (Figure 11 in relationship with the
Malekula carthguake. .

The GPS data

Since 1990, GPS campaizns measuring hasehines crossing the
New Hebrides subducuon zone have been conducted between the
New Caledonia - Lovalty sfand vroup and the Vanuatu (New
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Flebridesy islands, Sueeessively Trimbic 2000 SST 11990 and
10b25 Ashiech LX 103092 and 19935, Leica SR299 (from 1993
o carly 1996) and Ashtech Z12 tsince mid-1996) dual irequency
recaivers have been used. Nevertheless. each campaign was

vonducted  using  only one tvpe ol receiver.  Night-time
uhservations were perlormed in 1990 and 1992 during 8 day
campaigns [Bevis et al.. Y0930 Tavior et al.. 19935], Since 1993,
campaiens of 3 days of 24 hour observations have been

conducted. Data were processed using version 3.4 ol the Bernese
GPS software [Rothacier et al.. 1993] and the 1GS precise
ephemerides distributed by CODE. Details on the observing and
processing procedures can be found in Caimant et al. {1993]. The
series are presented relative to a fixed Australian plate for which
u reference net was made up of sites at Lifou and Maré Islands on
the Lovaly Ridge. and sites at Noumsa and Koumac on the New

GPS-derived rates
St mm/yr

T New Caledonia Ridee
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Figure 1 . Siwation map displaving the main bathymetric
lewtures in the study arca. Open triangles represent the location off
the GPS sites. Vectors represent  the GPS-derived convergence
sates, The westward dipping back-ure thrust zone is tentativels
wdash liney prolonged southwestward as the dextral boundary
petween the Sume-Malekula and Elate segments.

Lett inset: Focal mechanisms ol the main events ol the scimic
sequence are given tower hemisphere). Star indicates  the
location of the 1927 carthguake reported by Isacks er al. J1981].
Lower right inset @ Regional setting ol the study area. Auy stands
ror Australia, AZ Tor New Zealand, £/ Tor Fiji and NC Jor New
Caledonia. Inner box outlines the arca of the main map.
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Figure 2. GPS series and best-fitting models. Bars represent
projected 10 3D repeatabilitn. At SNTO and EFAT. the drifts are
derived with affsets set at the CMT-derived values. At MLKL.
the drift is. assuming that strain accumulated at 25 mm/yr. lower
hy 7.5 mmvr betore the cosersmic ofiser than it is after. The dash
line stands ror the modzlled trajectory if the strain accumulanon
was nat accounted tor.

Caledonia Ridge (Figure 1. Calmant et al. [1995] and Bevis ¢t
al. [1995] showed that these sites form a geodetic net rigid ©
within the unceriainties. Therclore, drifts in the GPS series give
the convergence rates relative to the Australian plate. The GPS
data are presented in Figure 2 as feast square weighted averages
per epoch of several dailv observations. Standard deviations were
computed by generalized 3D repeatability of the daily solutions
around the weighted averages. 1t is worthwhile noting that the
scatter between daily solutions gready varies from one epoch 1o
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the ather, The farge scatters occur ot strongly perturbed
metzaroiogical conditions such as cvclones passing  througlh
during the campaigns ol November-December 1993 and
December 10995, Lastly. data uncertainty in Figure 2 and the
uncertanties i the values of the drifts and offsets used 1o {it the
senes were also re-sealed by the reduced %7 factor hetween the
nme senes ot GPS data and the maodelied trajectaries.

The Malekula Earthquake

On July 1301994, un carthquake of M, = 7.3 occurred a
Muickula. Tt activated an cust-west trending fault dipping
northward with a mostly left-laieral strike-slip motion. It is
warthwhile noting that the fault hay a very small dip angle,
namely +2° unusual for a strike-slip fault. In fact, the slip very
likzhy ook place on a pre-existing swucture inherited from the
carly history of the island [B. Pelletier, field notes].

We derived coscismic surface displacements hased on the
elustic half-space hypothesis |Okada. 1985 1 Savage, 1980]. The
fault geometry (63 x 21 kmj and slip (163 cm) were derived
empirically using the hypocenter coordinates (167.35°E. 16.5°S,
22 km fixed depth). focal mechanism parameters and seismic
moment (M, = 6.6 10"Nm) provided with the Harvard CMT
soiution. The ambiguity in the actwally activated plane was
resolved hy looking at the aftershock sequence (inset in Figure 1).
A limited change in the depth of the source relative to the one
fixed for the CMT solution was applied since it improved
noticeably  the  agreement etween the CMT-derived
displacements and the GPS-derived ones. We chose 1o use a
depth is 18 km rather than the 25 km given by the CMT solution.
The coseismic displacements modelled using this modifed CMT
are displayed in Figure 3.

We also derived the evolution of the deformation at the
location of the GPS sites during the time that strain was
accumulating at the source (Figure 4). using the same algorithm
as was used to compute the coseismic displacements but varying
M, from 0 to 6.6 10" Nm (M, of the Malekula earthquake). To
illustrate this. note that the interseismsic deformation that occured
at the GPS sites is related to that accumulated at the source.
Furthermore, the time derivative of the interseismic deformation
that occurred at the GPS sites is also related to the rate of that
accumulated at the source. At the rupture point. the deformation
at the sites equals the coseismic displacement when the
deformation accumulated at the source equals the seismic slip. If
we divide hoth axes in Figure 4 by a constant rate, that of the
deformation at the source. the slope of the curve becomes the
ratia between the curreat deformation rate at cach site and the
deformation rate at the saurce. At the time of rupture, this ratio is
'3 ar MLKL and almost nil at SNTO and EFAT. To determine
the deformation rate at the source. we estabiished the time period
enween the 1994 event and the last event which ruptured this
sume arca trom historical scismicity. The event which occurred in
1927 appears to be the most likely preceding event [/sacks ef al..
1981 Lowart er al.. 1988: Tavlor er al.. 1987, 1990]. Although the
actual focal mechanism and depth of this event are unknown. it
was located in roughly the same area (167.53°E, 16.5°S) as the
1004 event, and exhibited o similar magnitde (6.8-7.2. [sacks ¢t
L. 1981} and o similar seismic moment (5.6 10" Nm. Tavlor et
al, 1990, Thus, the 103 ¢m released in July 1994 by seismic
stip at the source might then presumably have accumulated for 67
vears. Consequently, the average rate of strain accumulation
would be 23 mm/yr and the deformation rale prior to the
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Figure 3. CMT-d"n\:\_ coszismic displacements relative to the July 1301994 Malekule 2vent. The shaded reciangle indicates the
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carthquake would then be about 7.5 mm/yr at MLKL. and
negligible at SNTO anc EFA '

Discussion

The GPS series ai the MLKL sile was modslled by least
square inversion with both an offset at the date of the Malekula
carthquake. July l“\ 1094, and a drift with the constraint that it
was reduced by 7.5 mm/vr prior to that date because of the strain
accumulation. The sl.am-lr:e convcracnc“ rate so derived is 49 =
3 mm/yr oriented N240° = 3%, This resull is consistent with the
convergence rate of 2} = & mm/vr published by Tavior er al.
[1995] using the datw collected in 1990 and 1992 only. i.e. while
the strain was still accumulating. The corresponding offset,
standing for the GPS-derived coseismic displacement, is 49 = 15,
mm southward, 230 = 30 mm westward and 170 = 37 mm
downward. These vaiues compare well with the CMT-derived
coseismic displacements: nameiv 50 mm southward, 210 mm
westward and 150 mm downward {Tablel ).

Table 1. Converge

ctzd onto the surfuce). Only selected isolines are given. They are. in mm

L .hicky, =100 = 20. = 30, = 40. = 50

Al SNTO and EFAT.
cosetsmic  displacements

the CMT-derived estimates of the

are qmall and the rate of strain
accumulation can be negiected. Results of the drift-and-offset
inversions at SNTO :m; ZF: T are reported in Table 1. The
CMT-derived and GPS-derived coseismic displacements 'only
agree at the 26 level. Thus.  reverse procedure was applied to
determine the convergence rates for these sites, i.e.'the value of
the coscismic offset used in the GPS inversion was set equal 10
the CMT-derived estimates. The corresponding convergence rates
are 37 = 2 mm/yr orientec N244° = 1° at SNTO and 95 =
mm/vs oriented N246° = 0.5° at EFAT.

Maiekula and Santo are considered a piece of inner wall
uplifted by the d'Entrecasteaux Ridge (Figure 1) which
underthrusts the New Hebrides margin from North Malekula to
Santo [Isacks ¢i al.. 1981: Collot et al.. 1985; Tavlor et al.. 1987
and 1990]. From the anaivsis of the historical seismicity along the
New Hebrides trench. et al. [1981] noted that the strong
interpiate coupiing which characterizes the subduction at the
Santo-Malekula segmen: might be weaker at South Malekula than

Isacks

gence ratzs and co-seismic offsets deduced from the GPS series and the CMT soiution of the July 13, 1994 event.

SNTO MLKL EFAT
\VoammAa iT=2 49=3
N244e = 2¢ N240¢ = 3¢
GPS-derived

E 4= S 2230 =30

Qtfset tmmy N =5 -9 =05

‘ 15=7 170 = 37
i E 10 2210 5
CMT-denved” Ofser tmmi N 10 -50 -5
U 0 -150 -2

Ol‘l\c: vilues are wiven posnye toward East 1E), North (N and Up (L),

Al MLKL, the convergenae rake :md veadetie vlTser were resolved jomtly . The strain-tree

ALEFAT and SNTO. the comergy

ce rikes are the result ol the drifi-only model with the coseismic oftset fixed at the

. post-evend vajue 1s reponted tor the convergence rate.
CMT-derived

sustmates. The peodene offsers i xlu.\ were deernuned from dritt-and- offser models and are only reported for reference,
“ Mudeled coseisnne olfsets using the Harvard CMT solution hypocenter. depth set at 18 ki,
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Fieure 4. Deformanon accumulated at the GPS sites with respect
o that accumuialed al the source. At the time of the seismic
rupture. the slope war 1.3 at MLKL. At SNTO and EFAT. very
httle deformation was accumulated and the rae of deformation
remained neghigihle, on account of remoteness from the event
After the stram sreicased seismically. both the deformation
and rate of deformaing wers resot 1o zero. The grey arca siands
far tne ume whern tne GPS urveys were performed. based on 4
rate of stran azcumutaton of 23 mm/vr at the source.

wus

elsewners  along this segment. Considering the  Quaternary
vertical mations ai Sznte and Malekula, Taxlor et al. {1987 and
1990] alse concluded = jozally weaker interplale coupling at
South Malekulz. These pizces of evidence. taken together with
the sinistral maton of the Malekula event and the large
convergence rale a: Efate compared to that at Malekula (which
indicates right-lateral motion between Malekula and Efate) imply
that (1) the fault activated by the 1991 earthquake is not the
northern” houndary of the Efate segment. consequently. there
exists a small block south of the fault which belongs to the Santo-
Maiekula segment. (2} the convergence rate of this small block
with respsct to the Australian plate is less than the 41 mm/yr
found at Maiekuia prior to the 1994 event. consisient with the
lower convergence taie evidenced in the northern part of the
segment. ie.. 37 mmAr at site SNTO. and (3) the Malekula
earthquake occurred presumahly because the interplate thrust
zone along the west coast of South Malekula is less strongly
locked locally than ii is along the rest of the Santo-Malekula both
1o the north and to the south.

Conclusion

The GPS scries collected between 1990 and 1996 at site
MLKL. ciose to the epicenter of the July 13, 1964, South
Matekuln  carthquuke.  clearly  recorded  the  coseismic
isplacements and interseismic strain accumulation related 1o this
event. This resuli emphasizes that variations of motion related 1o
struin accumueiation could be detected betare the seismic release
oceurs. The record s lass clear for the more distant sites, SNTO
and EFAT. The Malehula carthquake provides evidence far
difierences 1 imerpiate coupling slong the margin of the Santo-
Malekuba seement,
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