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Coseismic and Quaternary Vertical Tectonic Movements,
Santo and Malekula Islands, New Hebrides Islz}nd Arc

F. W. TAYLOR,"? B." L. IsacKs,' C. JOUANNIC,?
A. L. BLooM,' AND J. DuBoIs*

Emerged late Quaternary coral reefs show that on the 10° to 10° years time scale the western part of the
¥ central New Hebrides arc is divided into several semi-independent uplifted blocks. The blocks are sepa-
rated by tectonic discontinuities, oriented approximately normal to the arc trend, across which tilt direc-
tions or uplift change suddenly. However, none of the blocks is tilted in a direction normal to the arc
trend of N20°W. Two of the discontinuities, across Santo and Malekula Islands, occur near the places
where ridges on the north and south flanks of the d’Entrecasteaux fracture zone, a major bathymetric fea-
ture on the underthrusting plate, intersect the arc. Each of these tectonic discontinuities approximately
coincides with one end of the rupture zone inferred for a shallow thrust-type earthquake sequence in
1965. The discontinuity across Santo also nearly coincides with the south end of the rupture zone in-
, ferred for another earthquake sequence in 1973-1974. Uplift of north Malekula, imposed during the 1965
earthquakes, was recorded by emergence of shallow water corals and closely resembles the uplift pattern
shown by reef terraces on the 10° to 10° years time scale. Uplift of south Santo that occurred in recent
years, possibly 1965, also resembles the long-term uplift pattern of that island. These observations in-
dicate that the subducting topography of the d’Entrecasteaux fracture zone has controlled segmentation
of the central New Hebrides arc both in terms of seismicity on the 10! years time scale and deformation
on the 10° years time scale. Plausible models for buried thrust faults can be made to account for the 1965
uplift pattern. However, there are reasons why a simple elastic dislocation model may be misleading. For
example, (1) the uplift data do not adequately constrain the model so that unique fault parameters need
be chosen, (2) the block-controlled uplift pattern may interfere with a simple elastic response to faulting,
and (3) possible movement on surface faults in north Malekula may have affected the displacement pat-
tern. The upper plate in the Santo-Malekula area might best be viewed as a series of loosely coupled
© blocks whose movements are dominated by underthrusting of rugged topography on the descending
plate. Given the Holocene uplift rates for Malekula and the 1965 example of coseismic uplift, it is pos-
sible to consider possible recurrence intervals for earthquakes of the same magnitude and uplift as that of
1965. Many assumptions are inherent in this estimate, but it offers valuable perspective. On Malekula,
where there was 1.2 m of uplift in 1965, the Holocene uplift rate is 3.5 m/1000 years. Therefore, every
W 340 years, there must be 1.2 m of uplift to maintain such an average uplift rate. Interseismic recovery of
R " coseismic uplift could shorten considerably the recurrence interval required to maintain this uplift rate.
v The convergence rate of 11 cm/yr at the New Hebrides arc implies fault slip of 37 m per 340 years. Since
this amount of slip is unlikely for the 1965 earthquakes or their predecessors, either some aseismic slip or
a seismic recurrence interval of less than 340 years is suspected.
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INTRODUCTION term uplift pattern. Historic records indicate a seismic recur-

rence interval of about 120 years. Precise leveling before and

after the thrusting earthquake of 1946 and other measure-

ments of vertical deformation revealed that only 10 to 20% of

the coseismic vertical deformation is permanent [Fitch and -
Scholz, 1971]. ‘

Vertical displacements associated with the 1960 earthquake
in Chile and the 1964 earthquake in Alaska were measured
within a few months or years after the earthquakes occurred
[Plafker, 1969, 1972; Brown et al, 1977], but details of the
longer-term pattern of deformation are poorly known.
Emerged marine terraces both in Alaska [Plafker and Rubin,
1978] and in Chile [Kaizuka et al., 1973] have provided some
of the most important clues to the long-term history of vertical *
tectonics. C

The New Hebrides arc is one of the rare setiings where a

On August 11, 1965, a sequence of thrusting-type earth-
quakes beneath the central portion of the New Hebrides is-
land arc was accompanied by uplift of the northern part of
Malekula Island. Similar uplift events in arc systems have
been relatively rare in historic times, although coseismic uplift
is certainly important in the tectonic evolution of many arc
systems. The 1965 New Hebrides. earthquake sequence pro-
vides an unusual opportunity to study vertical movements as-
sociated with a thrusting-type earthquake in an arc system for
comparison with similar events in other arc systems.

The relationship between the long-term history of vertical
tectonics and coseismic vertical movements in an arc system
has been relatively well studied only in Japan [e.g., Ota, 1968;
Yoshikawa, 1970; Yonekura, 1972, 1975; Matsuda et al., 1978].

In Shikoku, Japan, emerged marine terraces show the long-
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coseismic uplift pattern can be measured and compared with
a detailed long-term uplift pattern. Because the islands of
Santo and Malekula are located extremely close to the main
thrust zone and other islands are farther from it, the New
Hebrides uplift offers a ‘special opportunity to study upper
plate deformation. Coral reefs that grew around the islands
have been uplifted to form reef terraces that record long-term
Quaternary uplift rates and tilt directions. Much of the surface
landscapes of Malekula, Santo, and small neighboring islands
are uplifted goralﬁr'egf.' iersra@e " Tl}%é%%g-h%%imkﬁgmttem
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Bathymetric map of the New Hebrides island arc [after Mammerickx et al., 1971}. Note how the New Hebrides

trench is interrupted by the d’Entrecasteaux fracture zone.

and the tectonic discontinuities it reflects are essential to the
correct interpretation of the significance of the August 1965
coseismic vertical movements. Comparison of the 1965 and
long-term patterns of vertical motions is necessary for evalua-
tion of the frequency of coseismic vertical movements in the
New Hebrides island arc. To determine the limits of a region
for which a recurrence interval is applicable, the geographic
extent of areas that behave as seismotectonic units on both
very short and long time scales must be defined. Although the
recurrence interval of large thrusting earthquakes in the New
Hebrides has not yet been determined, a maximum recurrence
interval can now be estimated.

GEOLOGIC SETTING

The New Hebrides island arc extends about 1000 km along
a NNW-SSE trend between latitudes 10° and 22°S from the
Solomon arc in the north to the Matthew-Hunter ridge in the
south (Figure 1). At the New Hebrides trench the Indian-Aus-
tralian plate is being subducted beneath the Pacific plate at
about 11 cm/yr [Dubois et al., 1977]. The convergence direc-
tion averaged from focal mechanisms is N75°E + 11° [Pascal
et al, 1978] or almost perpendicular to the arc trend of
N20°W. Arc-polarity reversal is believed to have resulted in
the present arc geometry with subduction of the Indian-Aus-
tralian plate initiated at the New Hebrides arc in the late
Pliocene [Falvey, 1978] or earlier [Chase, 1971; Mitchell and
Warden, 1971; Karig and Mammerickx, 1972]. Both Santo and
Malekula on the west and Maewo and Pentecost on the east
side of the Aoba basin have been strongly uplifted in the Qua-

ternary [Miichell and Warden, 1971; Luyendyk et al., 1974]
(Figure 2).

Between latitudes 14° and 18°S, just west of Santo and
Malekula, there is no trench. Here, the d’Entrecasteaux frac-
ture zone, expressed as a ridge on the Indian-Australian plate,
intersects the arc (Figure 2). Thus the New Hebrides trench
consists of northern and southern segments. If the two
trenches are connected by a straight line, the line lies just off
the west coast of Malekula and adjacent to the extreme west-
ern coast of Santo (Figure 2). The westernmost parts of Santo
and Malekula therefore are in an anomalous position approxi-
mately where the inner trench slope is normally located.
Santo and Malekula may have moved westward as the Aoba
basin opened in post-Miocene time [Karig and Mammerickx,
1972; Luyendyk et al., 1974]. Alternatively, the anomalous po-
sitions of Santo and Malekula may be related to subduction of
the d’Entrecasteaux fracture zone [Ravenne et al., 1977, Chung
and Kanamori, 1978a,b}. The results reported in our paper in-
dicate that subduction of the d’Entrecasteaux fracture zone
plays an important role in determining the pattern of Quater-
nary vertical movements. These movements, however, may
not account for all of the anomalous topography of islands in
the central region. The effects of vertical movements may be
merely superimposed upon the rifted intra-arc morphology of
late Miocene or Pliocene age.

Focal mechanisms and earthquake locations near Santo
and Malekula indicate no important change in seismicity
along the arc near these islands. The underthrusting litho-
sphere beneath Santo and Malekula is continuous with that to

-
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Fig. 2. Bathymetric map of the central New Hebrides (contour in-
terval = 400 fathoms; after Mammerickx et al. [1971]). Note the lack
of a trench immediately west of Santo and Malekula. A line con-
necting the ends of the trenches seen at the top and bottom of the fig-
ure would pass along the west coast of Santo.

the north and south. The geometry of the subducted litho-
sphere is relatively uniform throughout the arc [Pascal et al.,
1978]. ‘

Both Santo and Malekula are dominated by high-angle
block faults [Mitchell and Warden, 1971; Mallick, 1973; Mal-
lick and Greenbaum, 1977]. On western Santo, faults separate
eastwardly tilted blocks that step down from west to east
[Robinson, 1969]. However, the west coast of Santo is prob-
ably controlled by a major fault system that is downthrown to
the west [Mallick and Greenbaum, 1977]. These faults imply
that total uplift increases from east to west across the east-
wardly tilted fault blocks. But near the west coast, the trend
suddenly reverses and total uplift decreases dramatically
across one or more faults controlling the west coast.

Northwest trending faults on Malekula appear to control
the morphology of much of the coast and commonly displace
Quaternary coral reef terraces. On northwestern Malekula the
closely spaced faults are reportedly downthrown to the east
and cut the reef terraces and underlying sedimentary rocks
into southwest dipping blocks [Mitchell, 1971, p. 31]. How-
ever, the geomorphology of northwest Malekula indicates that
some major faults are downthrown to the west.

TECTONIC HISTORY ON THE 10° To 10° YEAR
TIME SCALE

The uplifted reef terraces that cap Malekula and Santo of-
fer a long-term (10° to 10° years) record of the uplift and tilt-
ing of these islands [Jouannic et al., 1980]. The uplifted reefs
are being mapped from aerial photographs and field observa-
tions. Three main processes interacted to form and determine
the characteristics of the reef terraces: (1) Glacioeustatic sea
level fluctuations, (2) tectonic uplift, and (3) coral reef growth
and development. Each reef terrace represents a former sea

_ level surface that has been uplifted and deformed. Radio-

metric dating of fossil corals from the terraces allows calcu-
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lation of average uplift rates for many points on each island
and thus an absolute chronology of uplift and deformation
through time. Even without a detailed absolute chronology,
reef terraces record the pattern of tilting and deformation.
The principles of reef terrace formation on rising coasts were
established on islands such as Barbados [e.g., Mesolella et al.,
1969] and New Guinea [Bloom et al., 1974; Chappell, 1974]

Malekula

Most of north Malekula is capped by coral limestone (Fig-
ure 3) that can be resolved into a sequence of up to nine reef
terraces [Miichell, 1968, 1971; Jouannic et al.,, 1980]. Radio-
metric dates on fossil corals indicate that emerged coastal ter-
races fringing nearly all of north Malekula are Holocene in
age (samples M-A-1, M-X-2, and M-Y-2; Table 1). In general,
each of the terraces increases in altitude from the northeast to-
ward the southwest coast of north Malekula. On the basis of
the altitudes and dates for the Holocene terrace complex, up-
lift rates range from 0.3 mm/yr (M-X-2; Table 1) to at least
3.5 mm/yr (M-Y-2; Table 1) from northeast to southwest
across north Malekula.

To determine the direction of tilting recorded by the older
uplifted terraces, three-point geometric problems were solved
for segments of four different reef terraces that can be traced
for long distances on north Malekula (Figure 4). Some of the’
terrace segments are displaced by faults that probably affect
the amount and direction of tilt to a small extent. However,
the three tilt solutions shown are remarkably consistent and
indicate tilt directions of N42°E, N44°E, and N51°E (Figure
4). Two other solutions, not shown, gave tilt directions of
N39°E and N51°E. The average of these five tilt determina-
tions is N45°E = 5°. The tilt of these terraces ranges from
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Fig. 3. Geologic map of southern Santo and Malekula [after
Mitchell, 1966; 1971; Mallick and Greenbaum, 1977]. This figure shows
the distribution of relatively young coral limestones and related sedi-
mentary rocks and the older pre-Pliocene rocks. Tilt directions for
southern Santo, north Malekula, and south Malekula are indicated by
strike and dip symbols. The solid circles mark- localities from which
corals were collected for radiometric dating (Table 1). The lines A-A’,
B-B’, and C-C’ show the locations of the topographic profiles in Fig-
ure 5. .
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TABLE 1, Radiocarbon Dates
230-Th/234-U Dates Altitude  Altitude

Field Coral Age, of of
Sample Lab* Sp. Total U, ppm  234-U/238-U  230-Th/234-U years B.P. Samplet, m Terracef, m
AK-A-1 F Acropora 5470 + 160 28 28
M-A-8 F Porites 2530 + 100 42 15.5
M-X-2 F Platygyra 2970 £ 200 1 —
S-AC-1 LD Porites 5940 - 190 8 8
M-Y-2 LD Favia 2.64 £0.07 1.13 £ 0.02 0.050 + 0.004 5600 + 500 15.3 19.5
S-AC-1 LD Porites 2.73 £0.05 1.14 £0.02 0.051 + 0.004 5700 + 500 8 8
S-A-1 LD Oulophyliia 2.52 +0.07 1.12 +0.03 0.045 + 0.005 5000 + 600 15.5 215

*LD = W. S. Broecker, Lamont-Doherty Geological Observatory, Palisades, New York; F = J.-C. Fontes, Laboratoire d’Hydrologie et de

Geochimie Isotopique, Universite de Paris-Sud, Orsay, France.

TAll altitude measurements are from the highest living corals or, alternatively, low-tide level.

0.27° to 2.13° and increases from lower to higher (younger to
older) terraces.

The average direction of tilting shown by the reef terraces
on north Malekula (N45°E) is supported by other observa-
tions. For example, the eastern coast of Malekula is nearly
straight and trends almost exactly NW-SE, perpendicular to
the direction of tilting determined from the terraces. Either
the eastern coast is controlled by a major fault, or it is a result
of very consistent tilting to the northeast. In either case the
trend of the northeast coast is probably related to the NE tilt
direction. Topographic profiles oriented NE-SW on north
Malekula confirm a history of tilting toward the NE and that
the greatest total uplift probably has been in the western part
of north Malekula (Figure 5).

Southwest of the axis of maximum uplift on north Male-
kula is a zone of paraliel NW-SE trending fauits that separate
fault blocks stepping down to the west coast (Figures 4 and 5).
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Fig. 4. Reef terraces used to determine the Jong-term tilt direc-
tions for Malekula. Only a few of the faults in western north Male-
kula are shown. The tilt directions indicated by each geometric solu-
tion are: A = N39°E, B = N44°E, C = N42°E, and D = N143°E. The
amount of tilt for each triangle is indicated next to the tilt symbol of
the figure.

Some of these faults extend from the interior of north Male-
kula to the coast, where they offset the modern reef and pre-
sumably continue offshore. Offshore to the southwest of the
NW-SE faults may be additional submarine faults and fault
blocks parallel to those on land. Southwest from the axis of
maximum uplift, the major fault blocks are downthrown to
the southwest (Figures 4 and 5). However, many of the minor
fault blocks are upthrown on the southwest sides of faults.
This variability in faulting makes it difficult to propose an
adequate model to account for the faults. The reef terraces in-
dicate that all of the fault blocks have been uplifted but at de-
creasing rates away from the NW-SE axis of maximum uplift.
Thus there is a narrow strip of land along the southwest coast
of north Malekula that has undergone net tilting toward the
southwest.

Movements on the NW-SE faults in north Malekula must
have influenced the long-term uplift pattern. Indeed, the up-
lift pattern imposed during the 1965 earthquakes may have
been significantly affecied by slip on one or more of these
faults. For example, at Liwout Point (Figure 4) a fault dis-
places the youngest of three Holocene terraces by about 2 m,
although there is no evidence that this fault slipped in 1965.
The oldest radiometric date from the youngest displaced ter-
race is 2530 £ 100 B.P. (M-A-8; Table 1). Either there has
been 0.8 m/1000 years of displacement on this fault in the
past 2500 years or more rapid displacement during a shorter
interval.

In contrast to north Malekula, only a small portion of south
Malekula, mainly that adjacent to the coast, is capped by
coral limestone (Figures 3 and 4). The interior limestone
plateaus may include some coral limestone but are mainly
nonreef limestones [Mitchell, 1966]. Three reef terraces can be
traced along the west coast from north Malekula for about 10
km into south Malekula. The altitudes of these terraces de-
crease from north into south Malekula. Except for the Holo-
cene reef, only isolated segments of reef terraces appear on air
photographs of most of south Malekula. The clear implication
is that, in general, late Quaternary uplift rates have been
slower in south than in north Malekula. However, some of the
coast of south Malekula has not yet been investigated. Possi-
bly, some areas there will prove to have uplift rates com-
parable ta those of north Malekula.

A late Quaternary terrace that can be traced along the west
coast from West Bay in north Malekula into south Malekula
was used for a three-point tilt solution (Figure 4). South-
eastward from West Bay, its altitude increases slightly to a
maximum of about 140 m midway between West Bay and
Lambubu Bay, then decreases rapidly to about 80 m at Lam-
bubu Bay. Southward from Lambubu Bay, the terrace gradu-

| |
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Fig. 5. Topographic profiles oriented NE-SW across north Male-
kula. Profile locations are shown on Figure 3. The cross-hatched pat-
tern indicates where each profile crosses outcrops of pre-Pliocene
rocks. The southwestward sloping left end of each profile crosses an
area cut by closely spaced NW-SE trending faults. The overall tilt of
north Malekula indicated by the profiles is 1.72° if one assumes that
Malekula began as flat seafloor that was subsequently uplifted and
deformed.

ally decreases in altitude to about 20 m near Tisvel Bay but
cannot be traced farther south. The three-point solution for
this terrace gives a tilt direction of N143°E for this part of
south Malekula. On north Malekula the same terrace gives a
tilt solution of N42°E (Figure 4). Although the altitude con-
trol for this terrace is relatively poor, its tilt directions are
clearly different on north and south Malekula. The sudden
change of terrace altitude marks a sharp ‘tilt discontinuity
separating north and south Malekula.

Across the neck of central Malekula, a prominent ridge of
pre-Pliocene rocks coincides with the tilt discontinuity and
forms a drainage divide (Figures 3 and 4). On the north side
of the ridge, streams flow toward the northeast, but on the
south side, streams flow southward and converge on Lambubu
Bay. The reef terraces indicate that local uplift rates are
greater where terraces cross the tilt discontinuity. Rapid local
uplift along the tilt discontinuity may explain the ridge and
drainage divide.

The tilt discontinuity across central Malekula is expressed
on the east coast as a subtle change in coastal geomorphology,
probably because uplift rates decrease rapidly from north to
south across the discontinuity. The emerged Holocene reef on
the east coast loses altitude from NW to SE. This altitude loss
is seen from the air as the disappearance of a conspicuous
emerged Holocene reef terrace south of the tilt discontinuity.
The northernmost occurrence of mangrove also nearly coin-
cides with the northeast end of the tilt discontinuity on the
northeast coast. Mangrove requires the wide intertidal zone
characteristic of south Malekula in contrast to the narrow
rocky intertidal zone of the more rapidly uplifting coast of
north Malekula.

Santo and Neighboring Isles

Nearly all of the eastern plateau region of Santo is capped
by coral reef limestone, in contrast to most of the western half
of the island, where older rocks crop out and where there are
only local patches of overlying coral limestone along the coast
(Figure 3). Fossil corals from a coastal terrace complex bor-
dering all of eastern Santo and several small neighboring is-
lands give radiometric dates that fall within the Holocene
epoch (Table 1) Jouannic et al. [19807). The maximum altitude
of the Holocene terrace complex ranges from 8 m above the
living reef on southeastern Santo (S-AC; Table 1) to 21.5 m
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on the central southern coast of Santo (S-A; Table 1) to 28 m
a little farther west off the south coast of Santo on the island
of Araki (AK-A in Table 1). The elevations and ages of the
Holocene terraces indicate an average uplift rate that in-
creases from about 1 mm/yr in the extreme eastern part of
Santo to at least 5 mm/yr in the central western part of south
Santo. Neef and Veeh [1977] obtained radiometric dates from
Malo Island, close to Santo’s southeastern coast, that are con-
sistent with these uplift values. A three-point geometric tilt so-
lution for a reef terrace on Malo indicates a tilt of 0.20° to-
ward N96°E, but because of the 40-m contour interval of the
map from which we derived these altitudes, altitude estimates
are not extremely accurate. This E or ESE tilt direction is con-
sistent with the conclusions of Mallick and Greenbaum [1977],
who reported an ESE direction of tilting for both southeastern
Santo and Malo.

There is evidence that a major tectonic feature crosses
Santo in an E-W direction where a ridge on the north flank of
the d’Entrecasteaux fracture zone intersects the arc (Figure 2).
At the intersection, near latitude 15°25’S, there is a westward
bulge in the west coast of Santo. Directly inland to the east
are the highest mountains on Santo (e.g. Mount Tabweme-
sana = 1879 m; Mount Vulai = 1747 m; Mount Teremaraisa
= 1593 m). Slightly south of the intersection are other high,

" peaks (e.g., Peak Santo = 1704 m; Mount Balitsololo = 1671

m). At the northern edge of the area of intersection is a major
E-W fault, north of which the exposed rocks are much
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Fig. 6. The earthquake sequence associated with uplift of north-
ern Malekula in August 1965. The foreshock-mainshock-aftershock
sequence in the top panels indicates that the rupture began under
Santo and migrated southward beneath Malekula. Note that the early
aftershocks (top center and right) tend to lie between Santo and cen-
tral Malekula but that later aftershocks (lower left) tend to be more
around than within the zone of early aftershocks.
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Fig. 7. Photograph of the c¢orals killed by uphft in August 1965 at’ Llwout Pomt (statlon h on Figure 8). Here, 0 79 m of
1965' uplift was measured . :

younger [ Mallick and Greenbaum, 1977; Macfarlane, 1977].
North of the fault, maximum altitudes are several hundred
meters less than to the south. This possible tectonic boundary
has not been defined as a tilt discontinuity, but studies in
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Fig. 8. Measurements (meters) of 1965 uplift made in September
1976, November 1977, and July 1979. The letters on the figure repre-
sent the places and amounts of uplift given in Table 2. The contours
of uplift (contour interval = 0.2 m) represent one of the simplest inter-
pretations of the uplift pattern consistent with the measurements.

progress may Teveal further evidence of its tectonic' signifi-
cange.

From the quite different tilt directions demonstrated for
south Malekula, north Malekula, and south Santo, it is clear
that the three areas are each behaving semi-independently
and that tilt discontinuities must separate each area from the
others. The tilt discontinuity separating north from south
Malekula has been clearly identified, but the tilt discontinuity
between north Malekula and south Santo is beneath Bougain-
ville Strait between the islands, and its exact location is not
known.

The bathymetric map (Figure 2) shows that the ridge on the
southern margin of the d’Entrecasteaux fracture zone approx-
imately intersects the tilt discontinuity across central Male-
kula. North Malekula and south Santo are being underthrust
by the d’Enirecasteaux fracture zone and are being uplifted
relatively rapidly. In contrast, south Malekula i$ being under-
thrust by deeper ocean floor and is being uplifted relatively
slowly. Deeper ocean floor is also being thrust beneath porth
Santo, although it has local uplift rates of up to several milli-
meters per year [Jouannic et al., 1980]. However, summit alti-
tudes on west Santo indicate less total uplift in the north un-
der which the deeper ocean floor is being underthrust.

UPLIFT ASSOCIATED WITH THE AUGUST 1965
EARTHQUAKE SEQUENCE

1965 Earthquake Sequence
The main foreshock that initiated the 1965 earthquake se-

quence was under central south Santo at 0340 G.M.T. (1440
local time (LT)), August 11, 1965 (Figure 6). This shock was
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TABLE 2. Uplift Measured Along the Coast of Northern Malekula

Standard
Year Number of Devia-
Station Place Name Measured Measurements Range, m Mean,m tion,m

a Southwest Bay 1977 observation 0 *

b Bamboo Bay 1977 observation 0 *

c Dixon Reef 1977 1 0.35 *

d Lambubu Bay 1976 15 0.67-0.87 0.75 0.06
e West Bay 1976 5 0.75-0.93 0.39 0.08
f Horrok 1976 1 1.00 *

g Brenwe 1976 4 1.05-1.36 1.20 0.14
h Liwout Point 1976, 1979 50 0.51-1.12 0.79 0.18
i East Leviamp 1976 4 1.00-1.25 112 0.12
j West Leviamp 1976 6 0.84-1.23 1.07 0.14
k Elephant Point 1976 17 0.55-0.81 0.67 0.07
1 Win 1979 - 24 0.41-0.79 0.55 0.10
m Wihet Bay 1979 23 0.45-0.71 0.57 0.08
n Rambak 1979 30 0.46-0.94 0.66 0.12
o Npennanavet 1976 10 0.73-1.00 0.87 0.12
P Matanvat 1976 4 0.38-0.45 0.42 0.03
q Potovrou 1977 i 0.10 *

r Atchin Island 1977 observation 0

s Wala Island ‘ 1977 observation 0 *

t Norsup 1977 1 0.15 *

u Lamap 1977 observation 0 *

*Insufficient measurements for a standard deviation to be useful.

followed at 2231 G.M.T. (0931 LT) by the main shock (Ms =
7 3/4) with its epicenter near western Malo. Both of these
earthquakes had thrusting-type focal mechanisms [Johnson
and Molnar, 1972]. The main aftershock, at 1240 G.M.T.
(2340 LT), August 13, had its epicenter near the projected
trench axis between Santo and Malekula. The main after-
shock, which also had a thrusting focal mechanism [Ebel,
1980}, was followed by a 2-m-high tsunami [Benoit and
Dubois, 1971]. All three of these events were of Ms = 7.0. The
early aftershocks following the main shock define a rupture
that extended from beneath south Santo to central Malekula,
a distance of about 100 km (Figure 6). In contrast, the seismic-

" ity during the month following the main shock was more

around than within the zone of early aftershocks. Therefore
the early and the late aftershocks can each be taken to in-
dicate a rupture that extended from south Santo to central
Malekula. Since 1965, several moderately large thrust-type
earthquakes have occurred down dip from the main August
1965 earthquakes.

Measurement of the August 1965 Uplift

Corals that were killed by emergence record the amount of
August 1965 uplift at many points along the coast of Male-
kula. Prior to August 1965, as today, healthy coral reefs
fringed most of the coasts of Malekula, Santo, and neighbor-
ing islands. Where uplift occurred, emerged 1965 corals form
a distinct zone of very well-preserved dead corals at the inland
edge of the living modern reef (Figure 7). The excellent pres-
ervation of the dead corals and the testimony of numerous
witnesses guarantee that the well-preserved dead corals on
Malekula emerged due to uplift in August, 1965.

The difference in level between the highest living corals and
the highest dead 1965 corals provides a measure of the net
change in level beiween August 1965 and the times of mea-
surement in 1976, 1977, and 1979. At a given point on the
shoreline the conditions that limited the maximum level to
which corals could grow before August 1965 should not have
changed significantly after the uplifi. The uplift caused slight
changes in shoreline geometry, but dominant wind directions,

average wave height, and other factors can be assumed rela-
tively constant. By measuring the difference in level between
dead 1965 corals and living corals along the shoreline, the
amount of uplift at many points was determined (Figure 8).

Many of the points on Figure 8 represent multiple measure-
ments that were averaged to produce the given uplift values
(Table 2). Where the coast is exposed to large waves, the max-
imum level at which corals can live varies by up to 0.10 or
0.20 m, depending on local shoreline geometry. However, on
sheltered coasts, such as at Dixon Reef (Figure 8, station c),
the dead 1965 corals define a remarkably flat surface that is
very consistent in height above the equally flat surface defined
by the highest living corals. Thus in sheltered localities, mul-
tiple measurements of the 1965 uplift tended to vary by only a
few centimeters from each other.

Measurements of 1965 uplift that were made in 1976, 1977,
and 1979 define the general pattern of the uplift. Between sta-
tions g and a, the zone of maximum uplift seems to be elon-
gate in a NW-SE direction (Figure 8). NE and SW from this
maximum, the amount of uplift decreases rapidly. Near the
fault displacing the modern reef at Liwout Point (station h),
0.79 m of uplift was measured. This uplift is significantly less
than at nearby stations, but the smallness of the uplift may be
related to movement on nearby faults. At station k, the part of
north Malekula closest to the projected trench axis, there was
only 0.67 m of uplift measured in 1976 (Figure 8). Southward
along the west coast, the 1965 uplift gradually decreases from
0.75 m at station d to station b where no evidence of 1965 up-
lift was detected. No evidence of 1965 uplift was found else-
where on south Malekula, but subsidence is not precluded
where evidence of uplift is lacking. Along the eastern coast of
Malekula, the only uplift found was about 0.15 m at station t
in a bay that deeply indents the coast. ‘

Two previous reports of the uplift associated with the Au-
gust 1965 earthquakes conflict with the measurements pre-
sented in Figure 8§ and with each other. Mitchell [1968, 1971,
p. 31] reported 2 m of uplift at Elephant Point (Table 2; sta-
tion k on Figure 8) compared with our average measurement,
of 0.67 m. Benoit and Dubois [1971] reported 0.50 m of uplift
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for this area, a value reasonably consistent with our measure-
ment of 0.67 m. Benoit and Dubois also reported 0.70 m of
uplift on the northernmost point of Malekula, where we found
scant evidence of possibly 0.1 m of uplift at station q (Figure
8; Table 2). On the northeast coast of north Malekula, Miich-
ell [1971, p. 26] found less than one third meter of 1965 uplift,
but Benoit and Dubois [1971] reported 0.50 m of 1965 uplift
for this area. At station t, in the area where Benoit and Dubois
reported 0.50 m of 1965 uplift, we found 0.15 m of uplift re-
corded by a number of emerged corals. At station t a coral
head, Porites lobata, found growing in very shallow water, was
partially emerged, and its upper surface was filled by uplift in
1965. Twelve annual growth bands in the part of the coral that
continued living between the time of partial emergence in
1965 and sampling in 1977 indicate that, in this area, all of the
uplift was in 1965 and subsidence did not follow [Taylor et al.,
1979]. Had there been more uplift, the coral would have been
totally emerged and killed at that time. Hence the report of
0.50 m of 1965 uplift for this area is probably in error.

We found no reliable evidence of 1965 uplift elsewhere on
the northeast coast. Farther south along the east coast, Benoit
and Dubois [1971] reported 0.60 m of uplift, but no supporting
geologic evidence was found during our visit to the coast in
that area. At locality M-X (Figure 8) a dead Porites lobata
coral microatoll (the microatoll growth form indicates that the
surface of the disk-shaped coral marked the upper limit of
coral growth when it was alive) near high-tide level gave a ra-
diocarbon age of 2970 = 200 B.P. (sample M-X-2; Figure 8;
Table 1). The net uplift rate for this locality is therefore only
about 0.3 mm/yr, and little coseismic uplift is to be expected.

The conflict between some of the uplift values presented by
Mitchell (1968, 1971], Benoit and Dubois [1971], and this paper
could be due to (1) relatively crude methods of measurement
used prior to this study or (2) vertical movements that oc-
curred during the intervals between each set of reported mea-
surements. A. H. G. Mitchell (personal communication, 1978)
indicated that his methods for estimating uplift at Elephant
Point were not as precise as those we used. Although he be-
lieves that there must have been at least 1.5 m (5 feet) of uplift
at Elephant Point when he examined the site a few weeks af-
ter the earthquake sequence in 1965, Mitchell based his uplift
estimates on (1) the height of the emerged 1965 reef above av-
erage low-tide level (not living corals), (2) the height of the
raised beach-jungle boundary relative to higher high tide
level, and (3) emergence of subtidal areas that previously had
been about 1.2 m (4 feet) under water before the 1965 earth-
quakes. These methods give a rough estimate of emergence
but do not compare with the precision obtained with our
methods of measurement. At present, the discrepancy be-
tween our measurements and those of previous authors can-
not be accounted for with certainty. There remains a possi-
bility that vertical movements since 1965 have altered the
original coseismic uplift pattern. The Porites lobata coral from
station t disputes post-1965 vertical movements along the east-
ern coast of Malekula as a cause for the contradictions be-
tween our uplift measurements and those of Mitchell [1971]
and Benoit and Dubois [1971].

Detailed accounts of the effects of the 1965 earthquakes ob-
tained from witnesses tended to be conflicting, probably be-
cause 11 to 14 years had elapsed between the earthquakes and
our questions. However, P. Theuil stated that he measured 2.4
m of uplift at West Bay (station e; Figure §; Table 2) 3 days
after the major shocks of the 1965 earthquakes. We measured

only 0.87 m of uplift due to the 1965 earthquakes in Septem-
ber 1976 at West Bay, but the witness asserted that the coast
had subsided to its present level since 1965.

M. Louppe, who was at Unmet (station f; Figure 8; Table 2)
in August 1965, described the earthquakes and associated up-
lift. About the time of the main shock at 0931 LT on August
12, 1965, the sea receded from the land. Although M. Louppe
and the villagers expected a tsunami to follow, the sea re-
mained low. A. H. G. Miichell (personal communication,
1977) confirmed that the sea receded permanently from
beaches in western north Malekula. Stunned or stranded fish
were'collected by the village people. M. Louppe did not recall
that the coast subsided noticeably in the years following the
1965: uplift. In 1976 we measured only 1.2 m of 1965 uplift at
station g (Figure §; Table 2) near Unmet. The following day,
or.perhaps 2 days later, M. Louppe had walked to Wilak, a
village 3 km north-northwest of Elephant Point (station k).
That night at Wilak the sea receded but was followed shortly
by a small tsunami. The timing of this tsunami is consistent
with that reported to have occurred 41 hours after the main
shock at 1240 G.M.T. or 2340 LT [Benoit and Dubois, 1971].

Elsewhere, at villages along the north and northeast coasts
of Malekula, where we measured little or no 1965 uplifi,
people recalled that the sea had receded, but that it had re-
turned slowly after periods estimated to range from 15 to 60
min. Since this event occurred in the daytime (people col-
lected fish), it must have been associated with the main shock
rather than the main aftershock that occurred at night and
generated a tsunami. There seems to have been no noticeable
tsunami following the seaward recession of water accom-
panying the main shock on August 12 (local time).

Several aspects of the 1965 uplift and the descriptions of
witnésses suggest that the net uplift we measured in 1976,
1977; and 1979 may have resulted from a complex sequence of
vertical movements. First, there is the description of recession
of the sea near the time of the main shock all along the coast
of north Malekula. Where we measured significant 1965 up-
lift, people tended to say that the sea receded permanently.
Where we found no 1965 uplift, people said the sea receded
and then came back after 15 to 60 min and that there was
plenty of time to walk onto the reef and collect fish. This re-
cession was not reported to have been followed by a tsunami
and therefore may represent temporary uplift of perhaps sev-
eral meters. Yet, we measured a maximum uplift of only 1.2 m
(Figure 8) near Brenwe. Only 1.2 m of emergence of a fring-
ing reef seems insufficient to strand fish, unless they were dis-
oriented or stunned by the shocks or other phenomena associ-
ated with the earthquakes Je.g., Frohlich and Buskirk, 1980].
But low tide occurred at about 1130 LT on August 12, 1965, 2
hours after the main shock. Low tide would have contributed
abouft 1.5 m to the regression of sea level from high-tide level
on that date [U.S. Coast and Geodetic Survey, 1965]. Perhaps
the combination of ebbing tide and uplift was sufficient to
strand fish and greater. uplift than we measured in 1976 was
not fequhed. Yet the statement that 2.4 m of uplift was mea-
sured at West Bay about 3 days after the earthquakes supports
the suggestion that there may have been considerably more
than 1.2 m of uplift at the time of the earthquake sequence
but that the uplift decreased rapidly in the days or months fol-
lowing the earthquake sequence.

Observations made in 1979 at West Bay, Brenwe, and
Npennanavet indicate that it is possible that there was more
uplift in 1965 in these areas than is shown in Figure 8. At
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TABLE 3. Uplift Measured Along the South Coast of Santo in 1979

5375

Standard

Number of Devia-
Station Place Name Measurements Range, m Mean, m tion, m
CLS Cape Lisburn South observation
CSwW Cape Sinotarip West observation =0.10
CSE Cape Sinotarip East 3 0.24-0.30 0.27 0.03 -
TAS Tasmaloum 4 0.33-0.69 0.47 0.16
TAN Tangoa 7 0.23-0.38 0.29 0.06
ABO Abounatari 12 0.15-0.33 0.23 0.06
PAL Palekula observation =0.05

these sites, no coral heads sufficiently large to have been alive
in 1965 were found at depths shallower than about 0.5 to 1.0
m (estimated) deeper than the shallowest living corals. These
observations serve to limit the maximum amount of 1965 up-
lift to no more than about 1 m more than we measured at
West Bay, Brenwe, and Npennanavet. This applies only to
uplift that may have lasted for a sufficient period to have
killed these coral heads. But, in no way do these observations
prove that more uplift than we show in Figure 8 occurred in
1965 or subsequently. It is possible that in 1965 at these sites
there were no coral heads living at depths of as much as about
1.0 m deeper than the shallowest presently living corals. More
observations and measurements would be required to fully ex-
ploit the information recorded by the corals.

Evidence of recent uplift was also found on the coast of
south Santo and islands off the coast of south Santo. However,
it is extremely uncertain whether this uplift was associated
with the 1965 earthquake sequence. Unlike Malekula, uplift
of south Santo in 1965 was not documented by geologists and
witnesses who were on the scene. Some Santo residents
claimed that south Santo had been uplifted about 0.3 m in as-
sociation with an earthquake within recent decades, but they
could not specify the year of the event. South Santo is within
the zone of rupture inferred for the 1965 earthquakes, but up-
lift associated with other earthquakes since 1965 or with aseis-
mic movements cannot be confidently discounted (Figure 6).
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Fig. 9. Measurements of uplift on the south coast of Santo. The
age of this uplift is not known. exactly, but it is estimated to have oc-
curred in the past 20 years. At the bottom is an E-W profile on which
the uplift measurements are plotted. Station TAS, where the greatest
recent uplift was measured, is approximately where the NNW-SSE
axis of the mountains of west Santo intersect the south coast.

Measurements of uplift based on corals killed by emergence
give general definition to the pattern of recent uplift for south
Santo (Table 3; Figure 9). The uplift measurements presently
available are inadequate to define the geographic limits of the
uplifted area, but they are located in such a way that a prelim-
inary uplift profile can be inferred. This uplift pattern differs
from that of Malekula because both the eastern and western
hingelines of the uplift profile are defined. The uplift profile is
consistent with that which would be caused by an eastward
dipping burried thrust fault beneath Santo. Because the time
and geographic extent of uplift of south Santo are unknown at
present, no attempt has yet been made to model the associated
faulting.

DIScuUssION

Seismotectonic Significance of Subduction of
D’Entrecasteaux Fracture Zone

The two most significant aspects of the long-term tectonic
pattern are the existence of three adjacent areas having dis-
tinctly different tilt directions and the alignment of the flanks
of the d’Entrecasteaux fracture zone with the tilt discontinuity
across Malekula and the tectonic feature across south Santo.
North and south Malekula and Santo have been uplifted with
tilt directions generally away from the subduction zone. Tilt-
ing of the seaward zone of uplift away from the subduction
zone has been observed in other arc systems [Fitch and Scholz,
1971; Plafker, 1972; Kaizuka et al., 1973]. However, a smooth .
ocean floor is not being subducted beneath Santo and Male-
kula. Rather, we assume that the rugged topography of the
d’Entrecasteaux fracture zone that is observed on the Indian-
Australian plate is representative of that which is presently on
the underthrust plate beneath Santo and Malekula (Figure 2).
A faultlike feature in the underthrusting plate east of Santo
implies that the d’Entrecasteaux fracture zone extends far
downdip from the subduction zone [Isacks and Barazangi,
1977; Pascal et al., 1978; Chung and Kanamori, 1978b]. High
topography on the south flank of the d’Entrecasteaux fracture
zone [Andrews et al., 1975] is being subducted beneath Male-
kula, and a similar ridge on the north flank is being subducted
beneath Santo. The fracture zone trends E-W, but con-
vergence is toward N75°E. The intersection between the frac-
ture zone and the New Hebrides arc is thus slowly migrating
northward at a rate of 2 or 3 cm/yr. This implies a more com-
plex interaction between the fracture zone and arc than when
a ridge is oriented in the direction of convergence, and it con-
stantly intersects one area of an arc.

Subduction of the ridge on the southern margin of the
d’Entrecasteaux fracture zone may account for the contrasting
tilt directions of north and south Malekula (Figure 10). First,
since higher topography has been subducted beneath north
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Fig. 10. Model for uplift and tilting of Malekula. The
d’Entrecasteaux fracture zone trends E-W but is moving N75°E + 11°
with respect to the Pacific plate and the New Hebrides Islands [Pascal
et al., 1978]. North Malekula is being underthrust by the higher ocean
floor of the central part of the d’Entrecasteanx fracture zone, while
south Malekula is being underthrust by deeper ocean floor. This dif-
ference may partly account for the more rapid uplift of north Male-
kula. Tilting away from the ridge on the fracture zone may explain
why neither north Malekula nor south Malekula has been tilting in a
direction perpendicular to the arc trend of N20°W. ‘

than south Malekula, north Malekula has been uplifted more
than south Malekula for the past few hundred thousand years.
Second, subduction of the northward migrating ridge may
give north Malekula a northward component of tilt. Com-
bined with the general tendency of the upper plate to tilt east-
ward in the direction of dip of the main thrust zone, the north-
ward component may produce a net NE tilt direction. Third,
passive response of the upper plate to subduction of a major
topographic feature combined with uplift and tilting of adja-
cent north Malekula may control tilting of the northern part
of south Malekula. The southeastward tilt direction shows
that near the tilt discontinuity, south Malekula is simply tilt-
ing away from the more rapidly uplifting north Malekula to
which it is partially coupled across the tilt discontinuity.

There is no obvious characteristic of the d’Entrecasteaux
fracture zone west of the New Hebrides arc that accounts for
the inferred tilt discontinuity between Santo and Malekula.
Unfortunately, we can only deduce the character of the un-
derthrust plate beneath Santo and Malekula from the part
that has not yet been subducted. Possibly, the discontinuity
between Santo and Malekula is the result of subduction of a
seamount or segment of high topography that has disappeared
from view through the subduction process.

The influence of the d’Entrecasteaux fracture zone on the
blocklike behavior and tectonic discontinuities of the upper
plate suggests that rough topography on subducted ocean
floor may be directly reflected in deformation of the upper
plate and thereby may strongly influence the locations of
block boundaries and the tilt direction of each block. Once es-
tablished, these block boundaries may tend to persist as lines
of weakness along which blocks most easily move relative to
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one another, even if the subducting topography changes
through time. If the underthrusting topography controls block
boundaries and tectonic patterns, then the topography may
also influence the limits of areas ruptured by major earth-
quakes along the arc. If topography influences the structural
blocks and seismicity, then a simple elastic model for uplift
above a thrust fault must be applied with caution to the New
Hebrides arc and similar tectonic settings. Perhaps the sim-
plest and most realistic way to view the uplift and tilting of
Malekula and Santo is as the jostling of blocks in the upper
plate as it is underthrust by rugged topography.

The intersections of the northern and southern flanks of the
d’Entrecasteaux fracture zone with Santo and Malekula mark
approximately the ends of the 1965 rupture zone. Moreover,
the northern end of the 1965 rupture zone in Santo is approxi-
mately the southern end of a rupture zone associated with a
major sequence of thrust-type earthquakes in 1973-1974 [Pas-
cal et al., 1978]. The tectonic discontinuity across Santo has
thus twice been observed to have been near the end of a seis-
mic rupture. Ebel [1980] defined three barriers to propagation
of seismic rupture in the Santo-Malekula area through analy-
sis of the 1965 earthquake sequence. One of the barriers corre-
sponds to the discontinuity across Malekula and another to
the discontinuity across Santo. The third barrier corresponds
to the tilt discontinuity inferred between Santo and Malekula.

The block geometries may influence the area of the main
thrust zone that ruptures in a given sequence of thrust-type
earthquakes. Or, more likely, the boundaries between blocks
are a manifestation of deeper-seated interactions between the
two plates which control both rupture lengths and block
boundaries. If seismic ruptures repeatedly begin and end in a
particular area, the overlying upper plate may tend to be
weakened and a block boundary may develop. The block
boundaries may also mark the limit of uplift associated with a
seismic rupture. This is indicated by the rapid decrease in
1965 uplift across the Malekula tilt discontinuity. The effect of
the other two discontinuities cannot be properly evaluated un-
til we know whether Santo was uplifted in 1965. It is possible
that other block boundaries of seismotectonic significance will
be identified in the Santo-Malekula region.

" Although the tilt discontinuity between Santo and Male-
kula did not mark the end of a seismic rupture in 1965, it may
have in the past and may in the future. The age of the recent
uplift of south Santo would indicate the significance of this tilt
discontinuity. If it acted as the northern limit of the 1965 co-
seismic uplift, then the quota of uplift for south Santo was not
affected by the 1965 earthquakes despite the extent of the rup-
ture. In this case, one might suspect a relationship between
uplift of south Santo and other earthquakes.

1965 Uplift Patiern

The uplift associated with the 1965 earthquake sequence
provides an example of one of the increments of uplift that
contributes to the net long-term tectonic pattern. The degree
of similarity of the 1965 uplift pattern to the long-term net up-
lift pattern can provide clues to the relationship between long-
terme uplift patterns and the individual phases of uplift that
sum to the net pattern. This is the principal reason for com-
paring the 1965 and long-term uplift patterns. A potential
problem is that measurements of uplift were made in 1976,

1977, and 1979, 11 to 14 years after the coseismic uplift, and

the measurements may thus include postseismic adjustments
as well.
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Fig. 11.
uplift measurements, located on Figure 8 and listed in Table

NE profile with 1965 uplift data and calculated displacement by the method of Savage and Hastie [1966]. The

2, are marked by circles. Those lacking error bars represent

too few measurements for a standard deviation to be useful, but are believed to be fairly accurate. The fault that generated
the calculated deformation dips 30° from a depth of 12 km to a depth of 32 km such that the down dip width of the rupture
is 40 km. The strike length of the fault is 105 km. Fault slip had to be about 5.3 m to produce as much uplift as measured
on north Malekula. This fault model does not provide a unique fit to the uplift measurements. Numerous other fault mod-
els can generate an uplift profile that will match the uplift measurements as well.

The area of 1965 uplift corresponds fairly well with the area
overlying the 1965 zone of rupture. There are two possible ex-
ceptions to this generality. The main foreshock and main
shock clearly imply that the rupture began beneath southern
Santo. Yet uplift of south Santo has not been shown to have
occurred in 1965. The 1965 uplift extends into south Male-
kula, although the early aftershocks indicate that the rupture
ended approximately beneath central Malekula.

Model of the Fault and Deformation Associated
With 1965 Earthquakes

A profile of surface deformation for the 1965 uplift of north
Malekula (Figure 11) has been calculated by the method of
Savage and Hastie [1966]. The fault parameters (width = 40
km; dip = 30°; length = 105 km; slip = 5.3 m; depth = 12 km)
are reasonable in view of the characteristics of the 1965 earth-
quake sequence and the regional seismicity [Pascal et al.,
1978]. The fault length of 105 km was chosen on the basis of
the locations of the main shocks and early aftershocks of the ’
1965 earthquake sequence. The 30° dip of the thrust fault was
taken from the profile of the New Hebrides Benioff zone at a
depth of about 12 km [Pascal et al., 1978]. Other parameters,

the fault width, slip, and depth at the shallow end of the fault .

plane, were varied within reasonable limits to produce an up-
lift profile similar to the 1965 uplift pattern across north Male-
kula. One test of the validity of the fault model is to calculate
the stress drop required by a fault with the model parameters.

The calculation is as follows:

Ar=qu % = 33 bars

where Ar is the stress drop, n = 0.84 for a rectangular fault
with a ratio of width to length equal to 0.38 [Chinnery, 1969], u

= rigidity coefficient = 3 X 10" cgs; s is slip equal to 5.3 m; w
is the width of the fault equal to 40 km (Figure 11). The stress
drop of 33 bars is consistent with estimates of stress drops in
thrust zones [Kamamori and Anderson, 1975].

The 1965 uplift data are projected onto a NE-SW profile for
comparison with the fault model because NE is the direction
of long-term tilt for north Malekula (Figure 11). N70°E, the
direction perpendicular to the arc trend, is an alternative pro-
file orientation. Even when points which may have been influ-
enced by proximity to the lateral edge of the uplifted area are
ignored, some other points fall below one another and below
the calculated uplift curve.

The fault deformation model shows that the 1965 uplift of
north Malekula could have been caused by displacement on
the main thrust zone. However, one problem is that the 1965
uplift data do not define the uplift pattern in sufficient detail.
For example, on its southwest end, the shape of the uplift pro-
file (Figure 11) is not known southwest of Elephant Point (sta-
tion k). Since the southwest limit of the uplifted. area is not
known, one is free to assign a range of widths to the uplifted
region. Another problem is the lack of information on the
zone of subsidence that is assumed to exist NE of the zone of
uplift. The shape and amplitude of the area of subsidence that
may have accompanied uplift are required to adequately de-
fine the vertical deformation pattern. Without measurements
to define the complete 1965 deformation pattern, numerous
combinations of fault parameters of significantly different di-
mensions can produce an uplift profile similar to that shown
by the 1965 uplift measurements in Figures 8 and 11.

Two additional factors bear on the applicability of the fault
displacement calculations. First, if there was significant move-
ment in 1965 on the surface faults cutting northwestern Male-
kula, then the calculations that assume a single buried thrust

M
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fault are not entirely valid. The long-term fault block style of
deformation in southwestern north Malekula argues against
simple elastic behavior of the upper plate. Second, there is the
influence of subduction of the topography on the
d’Entrecasteaux fracture zone. If a ridge along the southern
margin of the fracture zone is responsible for the rapid uplift
rates of north Malekula and for the tilt discontinuity across
central Malekula, then, again, a simple fault displacement
model in 2 homogeneous half space is probably not valid. The
lack of symmetry of the long-term deformation pattern with
respect to the N20°E arc trend also suggests that a simple
fault model is not applicable. In conclusion, it is unlikely that
a simple thrust fault model adequately describes the mecha-
nism of uplift for north Malekula.

Comparison of the 1965 and Long-Term Uplift Patterns

The 1965 uplift data, when projected on a NE-SW profile
(Figure 11), compare well with the long-term uplift pattern in-
dicated by terraces and by topographic profiles across north
Malekula (Figure 5). The terraces, the topographic profiles,
and the 1965 uplift pattern all indicate maximum uplift along
a line trending NW-SE through north Malekula. The zone of
maximum long-term uplift rate (Figures 4 and 5) coincides re-
markably well with the area of maximum 1965 uplift (Figure
8). Southwestward from the maximum, the amount of both
long-term and 1965 uplift decreases rapidly across the area of
closely spaced NW-SE trending faults.

Along the northeast coast, where terraces indicate the mini-
mum long-term uplift for north Malekula, no evidence of
1965 uplift was discovered except at station t. Annual growth
bands in a coral indicate that uplift at this site did not exceed
about 0.15 m in 1965 and that if subsequent vertical move-
ments occurred, they were less than a few centimeters. Also,
evidence of 1965 uplift was absent on the healthy fringing
reefs along the east coast of south Malekula, where terraces
indicate less long-term uplift than anywhere on north Male-
kula. Subsidence during or subsequent to the 1965 earthquake
sequence is possible for sites where there is an absence of evi-
dence for uplift. :

When considered in detail, there are some clear differences
between the 1965 and the long-term uplift patterns. The long-
term uplift rate decreases by 35% across the tilt discontinuity
between station € and station d. Yet, in 1976 we measured
0.87 m of 1965 uplift at West Bay (station e) and 0.75 m at
Lambubu Bay (station d) (Figure 8), a decrease of only 15 per
cent. The long-term uplift pattern also indicates a more rapid
decrease of uplift southward from Lambubu Bay than is ob-
served in the 1965 uplift data. From Lambubu Bay southward
the emerged Holocene reef terrace is progressively lower. At
Lambubu Bay the Holocene terrace is several meters above
high-tide level, but at Tisvel Bay it is only barely emerged
(Figure 4). Although there is no emerged Holocene terrace for
some kilometers south of Tisvel Bay, there is a double solu-
tion notch in the sea cliffs. The lower notch corresponds to
high-tide level prior to the 1965 uplift of about 0.35 m that
was measured from emerged corals in this area. If the upper
notch is also'Holocene, then there has been about 1 to 1.5 m
of Holocene emergence of the coast between Tisvel Bay (Fig-
ure 4) and Dixon Reef, 9 km farther south. Although the lack
of an emerged Holocene reef near Dixon Reef indicates mini-
mal net uplift of the area in the past 10° to 10° years, we found
0.35 m of 1965 uplift in 1977.
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The emerged terraces along the northeastern coast of north
Malekula indicate long-term average uplift rates of about 0.5
mm/yr [Jouannic et al, 1980). Yet there was no detectable
1965 uplift on most of the northeast coast.

The differences between the 1965 and the long-term uplift
patterns could be attributed to one or more of several possible
causes. First, the 1965 uplift pattern may be atypical. The
long-term uplift pattern recorded by the terraces is certainly
the net average pattern of uplift, but the net uplift pattern
may be the.average deformation imposed by the summation
of widely variable individual coseismic vertical movements.
For example, the 1965 mpture may have extended farther
south than past ruptures and thereby accounts for more 1965
uplift of the west coast of south Malekula than is consistent
with the long-term record. Second, interseismic or future co-
seismic vertical movements may modify the 1965 uplift pat-
tern so that the net permanent 1965 uplift pattern more
closely resembles the long-term uplift pattern. Brown et al.
[1977] reported an aseismic contribution to vertical deforma-
tion in the area of the 1964 Alaskan earthquake during the
decade following the earthquake. Perhaps the initial uplift im-
posed by slip on the main thrust fault resulted in elastic defor-
mation. The uplifted tilt block geometry may cause readjust-
ments in the elastic deformation pattern to bring it into accord
with the long-term block-controlled uplifi pattern.

The pattern of 1965 uplift is sufficiently similar to the long-
term uplift pattern of north Malekula to assert the great sig-
nificance of coseismic uplift to the tectonic evolution of the
central New Hebrides arc. Since the 1965 and long-term uplift
patterns are so similar, it is likely that there have been many
coseismic uplifts similar to that of 1965.

Although the age of the most recent uplift of Santo is un-
known, it is useful to consider our measurements of recent up-
lift of southern Santo with the long-term uplift pattern. The
few available measurements show (Figure 9; Table 3) that the
maximum recent uplift of about 0.47 m occurs toward the
western side of south Santo. This is where the axis of the
mountain belt of western Santo intersects the south coast and
where Holocene reef terraces indicate the fastest uplift [Jouan-
nic et al., 1980]. This implies that the highest mountains on
Santo are in the west because their topographic axis has been
the axis of maximum uplift for a long time.

Possible Seismic Recurrence Intervals
for North Malekula

‘We have, as yet, no firm estimate of the recurrence interval
for earthquakes that are accompanied by the uplift of north
Malekula. However, a maximum recurrence interval can be
estimated if some assumptions are accepted: (1) all of the 1965
uplift that we measured is permanent uplift and fature vertical
movements will not subtract from it, (2) all uplift of north
Malekula is coseismic, and (3) the amount of uplift accom-
panying the 1965 earthquake sequence is typical of past
thrusting-type earthquakes associated with rupturing beneath
north Malekula. The long-term uplift rate can be calculated
where the altitudes and ages of Holocene and older terraces
are known. For example, near station g (Figure 8) on Male-
kula, coral from a terrace that reaches 19.5 m higher than the
living reef is 5600 = 500 years old (sample M-Y-2; Table 1).
Sea level 5600 years ago was close to its present level, so that
in 5600 years the terrace has been uplified 19.5 m for an aver-
age uplift rate of about 3.5 mm/yr. At station g, 1.20 m of
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1965 uplift was measured in 1976. Thus an earthquake pro-
ducing 1.20 m of uplift must occur every 340 years to main-
tain an uplift rate of 3.5 mm/yr. The more of the 1.20 m of
uplift that is lost to subsidence, the shorter the recurrence in-
terval must be to produce the observed long-term uplift rate.
If, as in Shikoku, Japan, only 10 to 20% of the coseismic de-
formation is permanent, then the recurrence interval is on the
order of 35 to 70 years.

Perspective on recurrence intervals is offered by considering
the convergence rate of 11 cm/yr at the New Hebrides arc.
Assuming that all convergence is accommodated by seismic
slip, the recurrence interval for significant seismic slip is 340
years, and the fault dimensions of our model are valid, then
each earthquake would require 37 m of slip and a stress drop
of 236 bars. In contrast, a recurrence interval of 35 years sug-
gests 3.85 m of slip and a stress drop of 24 bars per earth-
quake, a more plausible value. Of course, aseismic slip or seis-
mic slip not contributing to net uplift are some possible
alternative factors.

SUMMARY AND CONCLUSIONS

The long-term uplift history of Santo and Malekula sug-
gests that the New Hebrides arc in this area is subdivided into
at least four areas that have significantly different tectonic his-
tories. The boundaries between the subdivisions consist of tilt
discontinuities across Malekula and between Santo and Male-
kula, and a third tectonic discontinnity E-W across south
Santo. For the latter feature we have no firm evidence that it
also marks a change in tilt direction. Notably, none of the
three areas for which tilt directions were determined has been
tilted perpendicular to the N20°W arc trend.

In general, the long-term pattern of uplift for south Santo
and north Malekula is that of tilting away from the trench,
with increasing uplift rates from their east coasts toward their
west coasts. However, just inland from their west coasts are
the axes of maximum long-term uplift to the west of which
uplift rates decrease rapidly and net tilting actually may be to-
ward the west. This uplift pattern is available for study only
because of the unusual location of Santo and Malekula very
close to the underlying main thrust zone where the inner
trench slope is normally located.

The influence of the subducted seafloor topography of the
d’Entrecasteaux fracture zone on the overlying upper plate
deformation is the most significant aspect of deformation in
the Santo-Malekula region. Evidence for the influence of the
d’Entrecasteaux fracture zone on the deformation pattern in-
cludes (1) the approximate alignment of the north and south
flanks of the d’Entrecasteaux fracture zone with the tectonic
discontinuities across Santo and Malekula, (2) the greater up-
lift rates for north Malekula and the greater altitude of south
Santo under which topographically higher sea floor is being
subducted, and (3) the tilt directions on both sides of the
Malekula tilt discontinuity compared with topography being
subducted. Yet the tilt discontinuity between Santo and Male-
kula apparently is not related to topography on the part of the
downgoing plate that has not yet been subducted. Quite possi-
bly, this discontinuity is related to some topographic element
that disappeared beneath the upper plate in the past.

In addition to the long-term wuplift pattern, the
d’Entrecasteaux fracture zone seems to influence the geometry
of seismic rupture zones and the area of associated coseismic
uplift. The 1965 and 1973-1974 rupture zone boundaries that

5379

are nearly coincident with the tectonic discontinuities across
Santo and Malekula indicate the strength of the relationship
between subducting topography and seismotectonics on a very
short time scale as well as on the time scale represented by
reef terraces. Clearly, the d’Entrecasteaux fracture zone is the
unifying factor in the tectonic history and shallow seismicity
in the central New Hebrides arc.

The 1965 uplift pattern generally reflects the long-term up-
lift pattern, but there seems to be a few differences. First, the
absence of detectable 1965 uplift along most of the NE coast
of north Malekula is not consistent with the local long-term
uplift rate of 0.5 mm/yr. Future seismic or aseismic move-
ments may compensate for lack of uplift in this area. Along
the west coast from north to south across the tilt discontinuity,
the long-term uplift rate decreases more rapidly than does the
1965 uplift. The very small amount of long-term uplift near
Dixon Reef, despite 0.35 m of 1965 uplift, is a clue that the
1965 uplift of that area may not be permanent.

The 1965 uplift pattern can be modeled by thrust faults
having parameters consistent with the geologic setting and the
1965 earthquake sequence. However, the uplift data do not
constrain the model sufficiently to guarantee that its parame-
ters faithfully represent the fanlt. Many different fault models
can generate an uplift profile that fits our 1965 uplift measure-
ments. A number of factors may have acted to interfere with a
simple elastic response to faulting. These include (1) surface
faulting in western north Malekula, (2) domination of the de-
formation pattern by the long-established tilt blocks and the
tilt discontinuities between them, and (3) strong influence on
the uplift pattern by topography on the d’Entrecasteaux frac-
ture zone. Because at least some if not all of these factors af-
fect the uplift pattern, an elastic model is likely to be mis-
leading. A better way to think of the upper plate may be as a
series of loosely coupled blocks whose movements are domi-
nated by rugged topography on the surface of the under-
thrusting plate. However, the consistency of the uplift pattern
of north Malekula with our elastic models suggests that much
of the deformation is accounted for by a thrust fault similar to
that in our model.

The similarity between the 1965 uplift and the long-term
block-controlled uplift patterns indicates that (1) the 1965 up-
lift is a typical seismic uplift pattern that contributes an.in-
crement to the long-term uplift pattern, (2) the factors that de-
termined the long-term uplift pattern are still affecting
individual uplifts, and (3) since the long-term uplift pattern is
influenced by the d’Entrecasteaux fracture zone, it must also
control coseismic uplift patterns, and a simple elastic model is
therefore probably misleading. Likewise, the general corre-
spondence between the 1965 zone of seismic rupture, the area
of 1965 uplift, the tilt block boundaries, and the ridges on the
fracture zone flanks implies a comnection between block
boundaries and extent of seismic rupture. Given this relation-
ship, then the topography of the d’Entrecasteaux fracture
zone influences both the pattern of block-controlled uplift and
segmentation of the arc in terms of seismicity. If this is true,
then the first step in predicting the location and extent of fu-
ture shallow thrusting earthquakes in the area is to identify
other tilt blocks in the region and determine when each block
was last uplifted. The most valuable information would be the
seismic recurrence interval for each block. At present, the re-
currence interval for north Malekula is uncertain by a factor
of approximately ten.
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This study is a first step in evaluating the recurrence inter-
; val for thrusting earthquakes accompanied by uplift of north
:Malekula. A few assumptions allow estimation of the maxi-
; mum recurrence interval: (1) all 1965 uplift that we measured
" is permanent, (2) all uplift of north Malekula is coseismic, and
- (3) the 1965 uplift is typical of past and future coseismic up-
 lifts affecting north Malekula. Given these assumptions, the
;maximum seismic recurrence interval is about 340 years.
. However, if as little as 10 to 20% of the 1965 uplifi that we
 measured is ultimately permanent, then the recurrence inter-
*val is only 35 to 70 years.
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