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Abstract 

Pelletier, B. and Louat, R., 1989. Seismotectonics and present-day relative plate motions in the Tonga-Lau and 
Kermadec-Havre region. Tectonophysics, 165: 237-250. 

An updated compilation of shallow seismicity in the Tonga-Kermadec arc and back-arc region, including especially 
304 focal mechanisms from centroid moment tensor solutions files, provides new insights on the present-day tectonics 
and allows the relative motions between the Pacific, Indo-Australian and Tonga-Kermadec plates to be quantified. 

Azimuths of slip vectors along the trench change at 19 O S. In the southern domain (35-19 o S) the mean azimuth 
ranges from N280 o E to N285 o E, while in the northern domain it trends N276-277 O E. This 19 o S boundary also exits 
in the back-arc domain. South of 19OS, from 35OS to 2OoS the direction of back-arc. extension is respectively 
N135 O E, N122 o E and NlllOE within the southern Havre trough, northern Havre trough and southern Lau basin. In 
the southern Lau basin the NlllO E opening direction is compatible with the trend of the newly,mapped Valu Fa ridge. 
North of 19 o S, in the northem Lau basin (16-18 O S), a N93O E trending crustal extension occurs along the N135 o E 
Peggy ridge and along an inferred N5-10 O E spreading zone. Between these two extensional features a fourth plate, the 
northern Lau microplate, is present. At 18-19 O S  a ridge-ridge-ridge triple junction, accommodated by N95 O-115 o E 
right-lateral strike-slip fracture zones, is proposed at the complex transitional zone between the southern and the 
northern parts of the Lau basin. The Fiji-North Tonga fracture zone which bounds northward the Lau back-arc basin 
is composed of two segments: a N95'E eastern segment extending from the northern end of the Tonga trench to 
178O3O'W, and a N75O E western segment lying north of the Fiji platform. A ridge-fracture-fracture triple junction is 
inferred at 178°30'W-15 O45'S between the northern end of the Peggy ridge and the two segments of the Fiji-North 
Tonga fracture zone. 

Using the model RM-2 of Minster and Jordan (1978) and the directions of back-arc spreading and convergence at 
the trench, relative plate motions are estimated. The extension rates in the back-arc domain increase northward, and 
are respectively 0.8, 2.1 and 8 cm/y at 33 O S ,  28 O S  and 24O S. Farther north parallelism between directions of different 
motions does not allow the calculation of any accurate result. Therefore north of 24OS we used a spreading rate of 8 
cm/y which corresponds to the 24 o S result and also to the value deduced from magnetic anomalies. The consumption 
rates along the Tonga-Kermadec trench are respectively 7.2, 9.6,16.4, 17.1 and 17.8 cm/y at 33O S, 28 O S ,  24O S, 20 o S 
and 17 O S. Both the back-arc opening rate and the consumption rate of the Pacific plate sharply increase between the 
northern Havre trough and the southern Lau basin. This limit coincides with the Louisville ridge-trench junction. 
Along the N95 o E eastern segment of the Fiji-North Tonga fracture zone, a pure left-lateral strike-slip motion, parallel 
to the N93O E opening tectonics within the northem Lau basin occurs. In contrast along the N75 O E western segment 
of the Fiji-North Tonga fracture zone, a left-lateral strike-slip motion of 7 cm/y should be accompanied by a N135 o E 
extensional motion of 3.5 cm/y. 

Introduction back-arc basins present difficulties, because these 
marginal basins are generally small and located 

Reconstruction of the history and the de- near unstable plate boundaries. Moreover, their 
structural and magnetic patterns are complex and termination of the sense of extensional motion in 
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the magnetic anomalies are often difficult to iden- 
tify. Consequently these areas are subject to dif- 
ferent interpretations and speculations. This is 
also the case for the Tonga-Kermadec arc and 
Lau-Havre region in the Southwest Pacific, which 
corresponds to a segment of the Pacific-Indo- 
Australian plate boundary and where crustal ex- 
tension behind the arc and convergence at the 
trench occur simultaneously. Using bathymetry, 
sediment distribution, heat flow and geology of 
neighbouring islands, Karig (1970) firstly sug- 
gested that the active Lau-Havre basin, elongated 
N-S and located between the active Tonga-Ker- 
madec arc and the Lau-Colville remnant arc, 
resulted from crustal extension since the late 
Miocene. Following this idea and on the basis of 
new geological (petrography) and geophysical 
(mainly marine magnetic anomalies) data, numer- 
ous models concerning the tectonic history of the 
Lau basin have been proposed (Chase, 1971; 
Sclater et al., 1972; Hawkins, 1974; Gill, 1976; 
Lawver et al., 1976; Weissel, 1977; Cherkis, 1980; 
Malahoff et al., 1982; Larue et al., 1982; Ruellan 
et al., 1989). However, the age of the onset of 
spreading, the location of multiple spreading 
centers and transform faults, and the sense of 
extensional motion largely differ in these models, 
the same topographic features being interpreted 
either as a spreading center or transform fault. 

Assuming that shallow seismicity reflects the 
stress state in the crust and is closely associated 
with the structural pattern, the distribution of 
shallow earthquakes and their focal mechanism 
solutions are valuable in characterizing the pre- 
sent-day tectonics in the active trench and back-arc 
regions. Previous seismicity studies of the 
Tonga-Kermadec region were mainly focused on 
the Wadati-Benioff seismic zone and the Pacific 
plunging plate (Isacks et al., 1969; Sykes et al., 
1969; Johnson and Molnar, 1972; Chen and For- 
syth, 1978; Billington, 1980; Louat and Dupont, 
1982). However, these authors also described 
several discrete zones of inter-arc shallow 
earthquakes lying outside the main Tonga-Ker- 
madec seismic zone, especially within the Lau 
basin and between Fiji and the northern end of 
the Tonga trench. The different tectonic interpre- 
tations of Chase (1971) and Sclater et al. (1972) 

used the shallow seismicity distribution to infer 
active boundaries between different microplates. 
The latest seismotectonic study of the back-arc 
region was published by 'Eguchi (1984) who de- 
scribed only the shallow seismicity in the 
northernmost Lau basin and added eleven new 
focal mechanism solutions to the single solution of 
Isacks et al. (1969). Eguchi (1984) proposed: (1) a 
left-lateral shear zone between Fiji and the north- 
ern Tonga trench; (2) a NW-SE opening tectonics 
in the northern Lau basin. 

Since the study of Eguchi (1984) a large amount 
of new data is available owing to the world seis- 
mological network. This paper presents an up- 
dated compilation of shallow seismicity and focal 
mechanism solutions data from the Tonga-Ker- 
madec trench and the Lau-Havre back-arc basin. 
The main objective is to characterize the present- 
day tectonics and the sense of plate motions, and 
to provide new constraints for the tectonic re- 
constructions. 

Data set 

Figure 1 shows shallow foci (depth 0-70 km) 
located by 50 or more seismological stations and 
obtained from the International Seismological 
Centre (ISC) catalogue for the period 1964-1982, 
and from Preliminary Determination of Epi- 
centers (PDE) monthly bulletins for the period 
1983-November 1987. For the period 1985- 
November 1987 only earthquakes with a focal 
mechanism solution have been considered. 

Focal mechanism solutions used in this study 
are issued from two data sets. The first set (FMPS) 
is obtained from literature (Isacks et al., 1969; 
Johnson and Molnar, 1972; Chen and Forsyth, 
1978; Billington, 1980; Everingham, 1983; Eguchi, 
1984). Most FMPS mechanisms are first motion 
fault plane solutions. The second data set (CMTS) 
is constituted by 304 moment tensor solutions for 
the January 1977-November 1987 period. Events 
until March 1984 are obtained with the centroid 
moment tensor method (Dziewonski and 
Woodhouse, 1983; Dziewonski et al., 1983a, b, c; 
1984a, b, c; Giardini, 1984; Giardini et al., 1985) 
and events since April 1984 are centroid moment 
tensor solutions given by PDE monthly bulletins. 
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Fig. 1. Shallow-seismicity map (0-70 km depth) in the 
Tonga-Kermadec/Lau-Havre region. Earthquakes are from 
ISC catalogue (1964-1982), PDE bulletins (1983-November 
1987). For the period 1985-November 1987 only events given 
by CMTS files are used. Bathymetry map is from Kroenke et 
al. (1983); depths are in kilometers. Heavy and heavy-dashed 
lines represent respectively the Tonga-Kermadec trench axis 
and the active Tonga-Kermadec volcanic arc. SHT-southern 
Havre trough, NHT-northern Havre trough, SLB-southern 
Lau basin, NLB-northern Lau basin, PR-Peggy ridge, 
T-Tongatapu island, N-Niuafo'ou island; ZS-Zephir 

shoal, RB-Rochambeau bank, F-Futuna island. 

Only 20 among 53 FMPS solutions have been 
considered (Fig. 4). The FMPS mechanisms re- 
lated with the underthrusting motion of the Pacific 
plate have not been used because a large number 
of CMTS focal mechanisms is available. In con- 

trast, FMPS events located in the back-arc area 
(fifteen events) and in the vicinity of the trench 
(five events) have been used in order to have 
available the greatest amount of data. Computa- 
tion of plate motions only takes account of the 
CMTS data set because this latter is more coher- 
ent than the FMPS one. 

Shallow-seismicity distribution and focal mecha- 
nisms 

The distribution of shallow earthquakes plotted 
on Fig. 1 delineates three seismic domains, as 
previously mentioned by Sykes (1966), Isacks et 
al. (1969) and Sykes et al. (1969): a high density 
seismic zone between the Tonga-Kermadec arc 
and trench, a diffuse seismic zone along the 
Lau-Havre back-arc basin and an E-W trending 
seismic belt from the Fiji islands to the northern 
end of the Tonga trench. 

The main Tonga-Kermadec seismic zone 

The highly active seismic zone striking N20"E 
is related to the descending of the Pacific plate 
below the Tonga-Kermadec arc. Most events oc- 
cur between the trench axis and the volcanic line. 
Additional seismic activity is also located at the 
trench and east of it; these events are associated 
with the bending of the Pacific plate (Chen and 
Forsyth, 1978). In detail, the seismicity distribu- 
tion shows large-scale irregularities along the arc. 

A 200 km long gap exists where the Louisville 
ridge, a major topographic feature supported by 
the Pacific plate, intercepts the trench at 26"s. 
Because this gap is not in the direct prolongation 
of the ridge but perpendicular to the trench in 
front of the junction point, the buoyancy of the 
ridge proposed by Kelleher and McCann (1976) 
seems unlikely to play a major role in the ex- 
istence of the gap (Louat and Dupont, 1982). This 
gap results probably from creeping within a thick 
active contact zone where the ridge subducts, pro- 
voking an erosion of the lower slope of the arc by 
underthrusting (Pelletier, 1989). 

A relatively quiet seismic zone also exists south 
of 33"s. Up to now this zone cannot be suffi- 
ciently explained. However, we note here a gentle 
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southward shallowing of the trench accompanied 
by a narrowing and deepening of the arc. 

The northernmost part of the Tonga trench is 
characterized by far greater seismic activity than 
elsewhere in the arc. This area corresponds to the 
westward curvature of the trench. At this place, 
the events located east of the trench are particu- 
larly numerous. 

The slip vector azimuth from interplate thrust- 
type focal mechanism solutions gives the relative 
motion between the Pacific plate and the 
Tonga-Kermadec arc. Trends of nodal plane poles 
chosen as the direction of the slip vector of 168 
interplate thrust-type solutions are shown on Fig. 
2, and plotted against latitudes of the epicenters 
on Fig. 3. Most azimuths range from 260"E to 
300 O E. On each side of the Louisville Ridge gap 
the mean azimuth of the slip vectors is almost 
equivalent. Matching our data with the calculated 
slip vector azimuths between the Pacific and 
Indo-Australian plates from the model RM-2 of 
Minster and Jordan (1978), two domains sep- 
arated by a break at 19 O S  can be identified (Fig. 
3). South of 19 O S (domain A) the mean azimuth is 
above the RM-2 value. In contrast, north of 19"s 
the N276OE mean azimuth of the B domain is 
slightly below the N277.5-278 O E RM-2 value. 
Within I domain A, the mean azimuth increases 
from south to north. A least-square regression 
calculated for the domain A gives a positive slope 
of 0.4" for each degree of latitude from N278.2"E 
at 36"s to N285.6"E at 19"s. The discrepancy 
between the mean slip vector azimuths and the 
values from the model RM-2 slightly increases 
northward. 

Along the main, Tonga-Kermadec seismic zone, 
79 solutions (CMTS) differ from interplate 
thrust-type solutions (Fig. 4). Most of these mech- 
anisms document normal faulting near the trench. 
Active normal faults are always parallel to the 
trench axis, even near the Louisville ridge area 
where the trench is shifted and strikes N-S and in 
the northernmost area where the trench bends 
sharply westward. Four events with normal fault 
solutions cluster at the Louisville ridge-trench 
intersection area. In addition to the set of normal 
fault solutions, two clusters of foci associated with 
thrust focal mechanism solutions are present east 
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Fig. 2. Slip vectors along the Pacific-Tonga Kermadec plate 
boundary. Dots indicate locations of the 304 earthquakes from 
CMTS file (1977-November 1987). Sense of seismic slip mo- 
tion is reported for 168 inter-plate thrust focal mechanism 
solutions. Heavy line represents the Tonga-Kermadec trench 
axis. Heavy dashed line at 19OS delineates the boundary 

between the southern A and northern B domains. 

of the trench (Fig. 4). The first group, six CMTS 
events centered at 2l03O'S and aligned along a 
N20"E trend, has a P-axis perpendicular to the 
trench; these solutions are likely connected to the 
bending of the plate. The second group located 
around 17 O S is aligned along a N135 O E direction 
and has a P-axis ranging from ENE-WSW to 
NE-SW. These solutions could be associated with 
the complex pattern characterizing the northern 
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closure of the Tonga trench where tearing of the 
Pacific plate occurs (Isacks et al., 1969; Louat and 
Dupont, 1982). In spite of the complexity of the 
northern area which includes thrust, normal fault 
and strike-slip motions, three observations can be 
put forward (Fig. 4): (1) the T-axis turns progres- 
sively with the trench from E-W to N-S; (2) from 
southeast to northwest focal mechanisms docu- 
ment thrust faulting with a NE-SW P-axis, 
strike-slip faulting with a NE-SW T-axis, normal 
faulting with a NE-SW T-axis, and finally normal 
faulting with a N-S T-axis and vertical faulting 
with the northern compartment uplifted; (3) epi- 
centers of earthquakes showing a strike-slip mo- 
tion are aligned along a N-S direction and events 
showing E-W normal faulting and vertical fault- 
ing are distributed along an E-W strike. These 
data suggest a progressive evolution from normal 
subduction to a tearing of the Pacific plate via a 
differential N-S stretching accommodated by N-S 
trending left-lateral strike-slip motion. In our in- 
terpretation mast of the seismic activity occurs 
within the underthrusting plate. However, a clus- 
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Fig. 3. Azimuths of slip vectors from thrust-type solutions 
along the Pacific-Tonga Kermadec plates boundary. Heavy 
segments represent tlie average slip vector azimuth for each 
degree of latitude. A similar result is obtained by weighting 
each slip direction with the seismic moment of the correspond- 
ing earthquake. The lower continuous line indicates the relative 
motion between Pacific and Indo-Australian plates, calculated 
from the model RM-2 of Minster and Jordan (1978), assuming 
no back-arc spreading. Vertical dashed line marks the 19"s 
boundary between the domains A and B shown in Fig. 2. In 
domain A, the upper line is the least-square regression. Loca- 
tions of the Louisville ridge (LR)-trench intersection and the 
different back-arc domains (SHT-southern Havre trough, 
NHT-northern Havre trough, SLB-southern Lau basin, 

NLB-northern Lau basin) are also shown. 

Fig. 4. Compilation of focal mechanisms for shallow earth- 
quakes (0-70 km) in the Tonga-Kermadec/Lau-Havre region 
excluding the thrust solutions characterizing the Pacific-Tonga 
Kermadec plate contact presented in Fig. 2. Dots are locations 
of CMTS events. Stars indicate previously published solutions. 
A cluster of earthquakes showing similar solutions is illustrated 

by a single focal mechanism. 

ter of events with normal fault solutions (five 
events with an 'averaged NE-SW T-axis) is located 
just east of the volcanic line within the overthrust- 
ing plate. We explain these peculiar extensional 
tectonics in the arc as the result of first the tearing 
and then sinking of the lower plate (Louat and 
Dupont, 1982). 

The Havre-Lau back-arc basin 

The back-arc domain lying between the 
Tonga-Kermadec arc and the Lau-Colville ridge 
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is "Y"-shaped, its width ranging from 120 km in 
the south to 450 km in the north. In detail, the 
back-arc domain consists of several troughs. From 
south to north, they are the southern Havre trough 
(SHT) reaching more than 4000 m depth, the 
northern Havre trough (NHT), and the Lau basin 
(Fig. 1). The latter is the largest and has an 
average water depth ranging from 2000 to 2500 m. 
Its detailed morphology is complex and up to now 
poorly mapped. The Lau basin can be divided into 
two parts by using the seismic data: the southern 
Lau basin (SLB) between 24-25 O S and 19-20 O S, 
and the northern Lau basin (NLB) between 16" 
and 19 O S. The NW-SE trending Peggy ridge (PR) 
is the major topographic feature of the NLB. 

In contrast to the main Tonga-Kermadec 
seismic zone, the seismicity of the back-arc do- 
main is scattered (Fig. l). However, it delineates 
discrete zones. The number of earthquakes di- 
minishes southward from the Lau to the Havre 
troughs. In the south, the events are restricted 
along the eastern side of the Havre troughs. 

In the Lau basin four seismic zones can be 
differentiated (Fig. 1). (1) A continuous NW-SE 
linear belt of earthquakes between 16 O and 18 O S  

coincides with the Peggy ridge. (2) A 100 km wide 
N-S zone lies in the center of the Lau basin 
between 18" and 20"s; it is in the southern 
prolongation of the Peggy ridge and fits with the 
deepest depression elongated N-S. (3) A third 
seismic area coincides with the southern limit of 
the SLB; this cluster occurs at the same latitude as 
the shift of the trench axis. (4) The fourth seismic 
area is located in the northeastern part of the Lau 
basin where epicenters are scattered around 
small-scale depressions. 

Compilation of focal mechanism solutions 
within the Havre-Lau back-arc basin is rep- 
resented in Fig. 4. From 35" to 23"S, all focal 
mechanism solutions (24 CMTS and 1 FMPS from 
Johnson and Molnar, 1972) are normal fault and 
strike-slip fault with a coherent direction of T-axis. 
Three observations have to be made for this area: 
(1) normal fault type solutions predominate at the 
latitude of the troughs while strike-slip type solu- 
tions are seen at the saddles; (2) from south to 
north, the T-axis turns slightly from SE-NW to 
ESE-WNW; the averaged T-axis directions are, 

respectively for SHT, NHT and SLB, N135"E7 
N122"E and N111"E; (3) T-axes from strike-slip 
type solutions in the saddles are closer to a N-S 
direction than those from normal fault solutions. 

Along the Peggy ridge, the six CMTS solutions 
shown on Fig. 4 are consistent with the three 
FMPS previously published solutions by Billing- 
ton (1980) and Eguchi (1984). All focal mecha- 
nisms are strike-slip type solutions sharing a com- 
mon E-W T-axis. The two southernmost solutions 
along the Peggy ridge show an E-W extensional 
component. Because two events (1 CMTS, 1 
FMPS) located around 15"50'S, 178"40'W have 
the same solutions as events characterizing the 
middle part of the ridge, we propose that the fault 
associated yith the Peggy ridge extends up to 
16"s. Focal solutions and the linear trend of 
seismicity suggest a NW-SE trending strike-slip 
motion along the Peggy ridge as proposed by 
Eguchi (1984). The northern Lau basin east of the 
Peggy ridge is characterized by two clear normal 
fault type solutions with a sub-E-W T-axis. At 
15 "45'S, 174"45'W, an event with strike-slip type 
solution showing also an E-W T-axis is present. 
The mean T-axis direction of all the ten CMTS 
solutions (including strike-slip and normal faults) 
between 16" and 18"s is N93"E (see Figs. 6 and 

In the central part of the Lau basin just south 
of the Peggy ridge, all solutions (4 CMTS and 1 
FMPS) are strike-slip. They can be classified in 
four groups (Fig. 4): (1) the northwesternmost 
event (18"10'S, 176"lO'W) shows a normal fault- 
ing component and is similar to the southernmost 
event of the Peggy ridge; (2) two solutions 
(18"20'S, 175O4O'W) have a NE-SW (N53"E) 
T-Cuiis; (3) a FMPS solution (19"S, 176"30'W; 
Eguchi, 1984) has a N97"E T-axis; and (4) the 
two latest solutions (in the south) have a N70"E 
T-axis. We note also an unexpected thrust-type 
solution at 21 O S along the eastern edge of the Lau 
basin (Fig. 4). 

In summary, the focal mechanism solutions 
suggest that two domains exist in the back-arc 
basin: a southern one including SHT, NHT and 
SLB with a SE-NW to ESE-WNW extension, 
and a northern one (NLB) with a sub-E-W exten- 
sion. These two domains are separated by a com- 

7). 
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The Fiji-North Tonga fracture zone (FNTFZ) 
y .  

A sub-E-W seismic belt extends at the 
northernmost part of the Lau basin along 15"s 
from the western edge of the Tonga arc to Fiji 
islands (Fig. 1). In detail, it comprises two distinct 
seismic segments. The eastern one of 120 km wide 
trends N95 O E from 173 O 30'W to 178 O 30' W, and 
is superimposed on a poorly known area including 
discontinuous topographic highs (Niuafo'ou is- 
land, Zephir shoal, Rochambeau bank). Its north- 
ern limit just passes south of the Futuna island. 
The western segment stretches from 178'20'W to 
the north of the Fiji islands along a N75 O E trend. 
The seismicity delineates a 40-50 km wide belt 
and is mainly confined along a linear tight depres- 
sion located north of the Fiji platform. The vari- 
ation in trend as well as in width between these 
two seismic segments occurs at 178'30's just 
southwest of the Futuna island where the Peggy 
ridge intercepts the FNTFZ (Fig. 1). 

With an exception of two events, the focal 
solutions all along the FNTFZ suggest an E-W 
trending left-lateral strike-slip motion as proposed 
by Isacks et al. (1969) and Eguchi (1984). How- 

' *  ' 

Longitude along the strike of the FNTFZ 

'i Fig. 5. Slip vector azimuths along the Fiji-North Tonga frac- 
ture zone (FNTFZ). Only CMTS solutions suggesting a left- 
lateral strike-slip motion have been used (15 among 17). The 

eastern (B) segments of the FNTFZ are shown. The lower 
continuous line indicates the relative motion between Pacific 
and Indo-Australian plates calculated from the model RM-2 of 

Minster and Jordan (1978). 

4 *- northern end of the Peggy ridge (PR) and the western (A) and 
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Fig. 6 .  Map showing the direction of sub-horizontal principal 
stress axes for the Tonga-Kermadec/Lau-Havre region. Con- 
vergent arrows indicate P-axis from thrust solutions, divergent 
arrows indicate T-axis from normal fault solutions. Both P 
and T-axes are drawn for strike-slip solutions. Insets show 
stress axes for the fourth back-arc areas and for the Fiji-North 
Tonga fracture zone (FNTFZ). P-axes are indicated by filled 

circles and T-axes by open circles. 

ever, each segment previously described is differ- 
ent in detail. Eleven events (5  CMTS + 3 FMPS) 
occurring in the western segment suggest a 
N255 O E left-lateral strike-slip motion (Figs. 4 to 
7). In the eastern segment, 13 (10 CMTS+ 3 
FMPS) similar mechanisms document a N275 O E 
left-lateral strike-slip motion. Two additional solu- 
tions are noted: a thrust-type just south of Futuna 
with a NE-SW P-axis consistent with the one of 
the thirteen previously mentioned strike-slip solu- 
tions; and a strike-slip solution with a SE-NW 
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Fig. 7. Inferred seismotectonics of the Havre-Lau back arc 
basin. I = P-axis given by thrust solutions, 2 = T-axis given by 
normal fault solutions, 3 = T-axis given by strike-slip solutions. 
Filled and opened divergent arrows show direction of opening; 
for each back-arc area, a mean direction of T-axis is given 
( 9 3 O ,  11l0, etc...). 4 =  tectonic features defined by seismic 
linear belt, 5 = domain with unexpected thrust solutions, 6 = 

back-arc troughs south of 22O S. 

P-axis which is difficult to interpret because it is 
reverse in relation, to the others. This solution 
documents possibly a N-S trending left-lateral 
strike-slip motion. On each side of 178"30'W, the 
average slip vectors are parallel to the strikes of 
the seismic segments. Azimuths of slip vector from 
left-lateral strike-slip solutions are plotted along 
the strike of the FNTFZ and are compared (Fig. 
5) with the slip motion calculated from the model 
RM-2 of Minster and Jordan (1978). Along the 
eastern segment (B) observed slip vectors fit with 
the calculated RM-2 ones. In contrast, slip vectors 

azimuths are 20" below the RM-2 values along 
the western segment (A). 

Discussion and relative plate motions 

There exist three major plates in the area: the 
Pacifc plate (P), the Indo-Australian plate (IA) 
and the small Tonga-Kermadec plate (TK). In the 
northern part of the studied area, a supplementary 
North-Lau microplate exists (NL). To compute 
the relative motions, the NL microplate will be 
arbitrarily attached to the TK plate. Using the 
model RM-2 of Minster and Jordan (1978), our 
data allow the motions TK-P, IA-TK and IA-P 
to be estimated. 

, . 

- 

Subduction pnd back-arc spreading along the 
Tonga-Kermadec arc 

South of 19"s azimuths of slip vectors from 
interplate thrust related to the Pacific plunging 
plate are higher than those predicted by the model 
RM-2. In contrast, north of 19 O S  they are slightly 
lower (Fig. 3). Assuming that the discrepancy is 
only due to back-arc opening, the direction of the 
back-arc extension has to change around 19"s 
and has to be in the N97 "-187 O E window in the 
southern domain (A) and in the N7"-97"E 
window in the northern domain (B). Focal mecha- 
nism data in the back-arc domain are in good 
agreement with these inferred directions of exten- 
sional motion. Indeed, we find: (1) a SE-NW to 
ESE-WNW extensional tectonics in the southern 
back-arc domain (N135", 122" and 111"E re- 
spectively for SHT, NHT and SLB areas); (2) an 
E-W extensional tectonics in the northern Lau 
basin (N93"E in NLB); (3) a transitional zone 
with complex solutions near 19 " S. 

The direction of motion IA-TK given by the 
back-arc opening trend (Figs. 6 and 7), the direc- 
tion of motion TK-P given by the azimuth of the 
slip vectors at trench (Figs. 2 and 3) and the 
motion IA-P given by the model RM-2 of Min- 
Ster and Jordan (1978) enable the complete vector 
diagram to be constructed. The vector diagram is 
calculated at the SHT, NHT, SLB and NLB lati- 
tudes because each back-arc basin has its own 
direction of extension (Table 1, Fig. 8). In the 
northern part of the SLB and in the NLB, di- 

I -- 
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TABLE 1 

Relative plate motions in the Tonga-Kermadec area deduced from this study. 

Latitude, Motion TK-P Slip vector Motion IA-TK Back-arc extension Motion IA-P Model RM-2 

direction velocity direction velocity direction velocity O S  

(OE) (cm/y) (OE) (CWY) (OE) (CWY) 
b .  

33 279.53 7.2 f 0.2 135 0.8 -f: 0.2 275.6 6.6 
28 281.85 9.6 f 0.5 122 2.1 4 0.5 276.3 7.6 

* 24 283.7 16.4 f 2 111 8 4 2  276.8 8.5 
20 285.55 23 &5 111 14 4 5  277.3 9.2 
20 * 283.65 17.1 111 8 277.3 9.2 
17 276.71 - 93 - 277.7 9.8 
17 * 275.57 17.8 93 8 277.7 9.8 

* Computation with a 8 cm/y back-arc spreading rate deduced from magnetic anomalies in the Lau basin. Uncertainty on the 

4 .  

velocities is calculated with 1" of deviation on the azimuth of slip vector at trench or the direction of extension. 

-2OO 

- 25OS 

-30° 

-35OS 

Fig. 8. Inferred plate boundaries and relative motions in the Tonga-Kermadec region. P-Pacific plate; IA-Indo-Australian plate; 
TK-Tonga-Kermadec plate; NL-North Lau microplate. For computation P is assumed fixed and NL is attached to TK. Vector 
diagrams are constructed at 33, 28, 24, 20 and 17OS. Numbers around triangles indicate velocities in cm/y. For 20" and 17OS 
dashed lines correspond to the motion TK-P using a 8 cm/y back-arc spreading rate. Motion P-IA along the western segment of the 
Fiji-North Tonga fracture zone is split into two components shown by dotted lines. Divergent arrows indicate directions of back-arc 
extension. Single line and discontinuous line indicate respectively extension center in troughs and saddles of the Havre domain; 
double line and discontinuous double line indicate spreading centers and inferred spreading center in the Lau basin, barbed line 

marks the Tonga-Kermadec trench. 

- 
'- 
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agrams cannot be constructed with our data alone 
because the angular difference between slip vector 
at the trench and the direction of back-arc exten- 
sion is too small to give an accurate value. Indeed 
a small variation in the direction of extension or 
in the slip vector azimuth changes drastically the 
back-arc spreading and consumption rates. In the 
south, larger angular differences induce small er- 
rors and allow accurate values to be calculated 
(see Table 1). For the NLB and the northern part 
of the SLB we used a back-arc spreading rate of 8 
cm/y deduced from magnetic anomalies and from 
our result at 24 O S. Figure 8 clearly shows that the 
back-arc extension rate increases from south to 
north (from 0.8 to 8 cm/y) and jumps at the 
latitude 25"s from 2.1 to 8 cm/y. Similarly con- 
sumption rate along the Tonga-Kermadec trench 
increases from 7.2 to 17.8 cm/y and jumps from 
9.6 to 16.4 cm/y at 25 O S. This sudden increase in 
velocities corresponds to the transition between 
the Lau and Havre basins, which coincides with 
the arrival at the trench of the Louisville ridge. 

In the SHT and NHT, 'the direction of exten- 
sion proposed here (N135 O E and N122" E) agrees 
well with the N30 o E magnetic anomalies linea- 
tions described by Malahoff et al. (1982). How- 
ever, these authors proposed a 5.4 cm/y full 
spreading rate, which is much larger than our 
estimate (0.8-2.1. cm/y). We must note here that 
seismic activity within the Havre back-arc area is 
only confined along the eastern edge of the basin. 
This observation could suggest that although it is 
clear that active extensional tectonics occurs, ac- 
tive spreading may not yet exist. 

In the SLB (at 24"s) the 8 cm/y opening rate 
inferred here is in the same range as the various 
full spreading rates deduced from studies of mag- 
netic anomalies (7.6 cm/y: Weissel, 1977; 5-5.5 
cm/y: Cherkis, 1980; 7 cm/y: Larue et al., 1982; 
7.4 cm/y: Foucher et al., 1986). We find a pre- 
sent-day ESE-WNW opening at 24"s (N111" E). 
The slip vector azimuths at the trench require a 
similar opening direction between 19 o S and 24 o S. 
Several directions of spreading have been pro- 
posed for the Lau basin. Previous authors study- 
ing seismicity distribution and seismic slip motion 
have suggested a N135 O E opening parallel to the 
Peggy ridge, which was consequently considered 

as a transform fault (model C of Sclater et al., 
1972; Eguchi, 1984). Although the pattern of mag- 
netic lineation is unclear in detail (Lawver et al., 
1976), there is an agreement to conclude that 
magnetic lineations strike N-S in the central part 
of the Lau basin from 17 O to 21" S (Weissel, 1977; 
Cherkis, 1980; Larue et al., 1982; Ruellan et al., 
1989). From 22" to 24"S, Larue et al. (1982) 
proposed NE-SW trending lineations. Using mag- 
netic lineations, Weissel (1977) and Cherkis (1980) 
postulated an E-W opening. Recent new detailed 
investigations within the Lau basin have shown: 
(1) a linear ridge named the Valu Fa ridge (Mor- 
ton and Sleep, 1985), located 40 km west of the 
active volcanic line (the Tofua arc) and trending 
N15-20 O E over more than 200 km, from 20 O 50's 
to 22O40'S (Foucher et al., 1988; Ruellan et al., 
1989); (2) a NNE-SSW active spreading segment 
over 50 km in the central part of the basin near 
18'40's (Von Stackelberg et al., 1985); (3) a set of 
N45"E trending strike-slip faults near 20"s and 
22"s which offset a N-S oceanic structural grain 
(Ruellan et al., 1989). The Valu Fa ridge firstly 
interpreted as an active back-arc spreading center 
(Morton and Sleep, 1985) has also been consid- 
ered as a volcanic line resulting from migration of 
the volcanic front of the arc system to the back-arc 
domain (Foucher et al., 1988). The N45 O E struct- 
ural lineation has been interpreted as a flow line 
indicating a NE-SW direction of opening along a 
N-S spreading center located in the central part 
of the Lau basin (Ruellan et al., 1989). Among all 
the different tectonic elements mapped in the SLB, 
the N15 O E Valu Fa structure and the NNE-SSW 
spreading segment at 18 "40's are compatible with 
the extensional direction deduced from the CMTS 
data exposed in this paper. If we assume an ob- 
lique N45"E crustal extension along a N-S 
spreading center as proposed by Ruellan et al. 
(1989), another plate boundary should exist in the 
SLB to give an ESE-WNW relative motion TK-P 
compatible with the observed slip vectors. This 
boundary could be the Valu Fa ridge as suggested 
by Ruellan et al. (1989), along which they pro- 
posed an extension accompanied by a right-lateral 
strike-slip motion. However according to this 
model, a vectorial analysis would imply that the 
N15 O E right-lateral strike-slip motion speed would 
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* '  

c 

.* 



247 

have to be about 14 cm/y and more or less 
equivalent to the N45 O E spreading rate. This in- 
terpretation seems unlikely, because it is not sup- 
ported by any seismological data (lack of seismic- 
ity along Valu Fa ridge, for example). Taking 
account of all the available data and especially the 
seismic ones, we favor a more simple model, that 
is to say a ESE-WNW (N111"E) opening tecton- 
ics in the SLB, which may be located along the 
Valu Fa ridge. This present-day direction of exten- 
sion is considered to be very recent. Previous 
stages of the tectonic development of the Lau 
basin certainly require another direction of exten- 
sion. 

In the NLB (15"s to 18"s) seismotectonics 
data infer a present-day sub-E-W resultant mo- 
tion between the northern parts of the Lau ridge 
and the Tonga arc. This area includes the Peggy 
ridge which was interpreted either as a N135"E 
spreading cent& (Chase, 1971; models A and B of 
Sclater et al., 1972) or as a right-lateral transform 
fault (model C of Sclater et al., 1972; Weissel, 
1977; Eguchi, 1984). According to Weissel (1977), 
the Peggy ridge cuts magnetic anomaly 2' and is 
thus a relatively recent tectonic feature. Focal 
mechanism solutions and seismicity along the 
Peggy ridge suggest a right-lateral strike-slip mo- 
tion as earlier proposed by Eguchi (1984). How- 
ever, if  the Peggy ridge acts as a pure right-lateral 
strike-slip fault, this implies a N-S extensional 
motion in the northernmost part of the Lau basin 
along the eastern segment of the Fiji-North Tonga 
fracture zone (FNTFZ). Opening tectonics more 
or less parallel to the N95 O E eastern seismic seg- 
ment of the FNTFZ is required along the Peggy 
ridge, because (1) no solution with N-S T-axis is 
known in the northernmost Lau Basin and (2) the 
slip vectors from strike-slip solutions along the 
FNTFZ fit well with the RM-2 ones (Fig. 5 )  and 
are parallel to the FNTFZ trend. The mean N93 O E 
direction of the T-axis from CMTS solutions com- 
piled within the NLB largely supports this inter- 
pretation. In this model, the right-lateral strike-slip 
component along the Peggy ridge (55% of motion) 
is almost equal the NE-SW extensional compo- 
nent (45% of motion), the resultant being a sub 
E-W extension (Fig. 8). 

East of the Peggy ridge, two clear normal fault 

solutions suggest the presence of an unmapped 
extensional feature (Figs. 7 and 8). These data 
favor the existence of a fourth plate, the northern 
Lau microplate (NL) as suggested by Chase (1971), 
lying between the Peggy ridge, the FNTFZ and 
this inferred spreading center. The latter would 
strike N5"-1OoE, more or less parallel to the 
Valu Fa ridge and could form the northern pro- 
longation of it (Fig. 8). 

The transitional zone between the SLB and 
NLB around 18-19"s is characterized by a clus- 
ter of shallow earthquakes and by six strike-slip 
focal mechanism solutions. This area appears 
complex and difficult to interpret. If we focus on 
the sub-horizontal main stress axis, four solutions 
indicate a NE-SW to ENE-WSW extension and 
two solutions a sub-E-W extension (Figs. 4 and 
6). However, if we look at the nodal planes of the 
four strike-slip solutions with a NE-SW to 
ENE-WSW T-axis, we see that the azimuth for 
one of the two nodal planes is close to the direc- 
tion of extension found in the NLB and SLB. 
Indeed the two northern solutions show a N95 O E 
plane and the two southern ones a N115 O E plane. 
In order to work out a coherence between the SLB 
and NLB, we assume that these mechanisms docu- 
ment N95 O E and N115 O E right-lateral strike-slip 
motions (Figs. 7 and 8). This interpretation is also 
supported by the discovery, between these two 
transform faults, of a NNE-SSW spreading seg- 
ment around 18O40'S by Von Stackelberg et al. 
(1985). The complex transitional zone corresponds 
in fact to a ridge-ridge-ridge triple junction (Fig. 
8) as proposed by Chase (1971) and Sclater et al. 
(1972). However, the trends of the different 
tectonic elements proposed here differ from these 
earlier authors. This transitional zone coincides 
also with the northern end of the Tonga platform. 
South of this boundary, an event with an unex- 
pected thrust-type solution is located just west of 
the arc at 21"s and is difficult to interpret. Pelle- 
tier and Louat (1989) report in this area a supple- 
mentary event with a thrust-type solution. This 
suggests that compression immediately west of 
Tongatapu island could be a special feature of the 
Lau basin tectonics. We note also a spatial coinci- 
dence with the six thrust-type solutions east of the 
trench (Figs. 4 and 7). 
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The Fiji-North Tonga transform fault zone 

We have shown that the FNTFZ is composed 
of two segments separated by the northern end of 
the Peggy ridge. The N95"E eastern segment 
marks the boundary between the Pacific plate and 
Tonga-Kermadec-North Lau plates. Along this 
segment, focal mechanism solutions and seismicity 
distribution suggest a broad zone acting as a left- 
lateral strike-slip fault. As there is no difference in 
strike between observed slip vectors 'and those 
predicted by the model RM-2, the relative motion 
is a pure strike-slip parallel to the direction of 
extension in the NLB (see before). The N70-75 O E 
western segment marks the boundary between the 
P and IA plates. Along this segment, the 20" 
difference in azimuth between observed and RM-2 
slip vectors suggests that, in addition to a left- 
lateral strike-slip motion, a NW-SE extensional 
motion must exist. The vector diagram indicates a 
strike-slip motion of 7 cm/y along a N75 O E fault 
and an extensional motion of 3.5 cm/y in the 
N130-135"E direction (Fig. 8). This model re- 
quires a ridge-transform-transform triple junc- 
tion at 178"30'W, 15"45'S between the Peggy 
ridge and the eastern and western segments of the 
FNTFZ. 

\ 

Conclusions 

(1) Two domains exist in the Tonga-Kermadec 
arc and back-arc region north and south of 19 O S :  

a northern domain (NLB) where a sub-E-W open- 
ing occurs, and a southern domain (including SHT, 
NHT and SLB) where a NW-SE to ESE-WNW 
trending extension is present. 

(2) Each basin of the southern domain has their 
own direction and speed of extension, which are 
respectively N135 O E, 0.8 cm/y; N122" E, 2.1 
cm/y and N111"E, 8 cm/y at 33"s (SHT), 28"s 
(NHT) and 24"s (SLB). 

(3) Crustal consumption rate along the 
Tonga-Kermadec trench is respectively 7.2 cm/y, 
9.6 cm/y and 16.4 cm/y in azimuth N280°E, 
N282 O E and N284 O E at 33 O , 28 O and 24 O S. 

(4) For the NLB, parallelism between slip vec- 
tors at the trench and direction of back-arc open- 

ing does not allow any accurate velocity to be 
calculated. However, using a 8 cm/y back-arc 
spreading rate deduced from magnetic anomalies 
and our results at 24 O S, an estimate of the con- 
sumption rate is proposed at 20"s (17.1 cm/y) 
and at 17"s (17.8 cm/y). 

(5) Contrary to the Lau basin where seismicity 
occurs in the center of the basin, seismicity is 
confined to the eastern edge of the troughs in the 
Havre basins. This could suggest that active 
spreading does not yet occur along these troughs. 

(6) The back-arc spreading rate and conse- 
quently the velocity of motion TK-P increase 
suddenly between NHT and SLB. This 25-26"s 
limit coincides with the Louisville ridge-trench 
intersection and the 200 km long gap of seismicity 
along the arc. 

(7) Along SHT, NHT and SLB, events having 
normal fault solutions occur along the eastern 
edges of the troughs while events showing strike- 
slip solutions predominate at saddles between the 
troughs. 

(8) The N111"E extension in the SLB is com- 
patible with the strike of the Valu Fa ridge. 

(9) The N93 O E trending opening tectonics in 
the NLB occurs along two extensional tectonic 
features: the N135 O E Peggy ridge along which the 
E-W motion is decomposed into a NW-SE right- 
lateral strike-slip (55%) and a NE-SW extension 
(45%); an inferred N5 "-10 O E spreading center 
east of the Peggy ridge. Between these two fea- 
tures lies the North Lau microplate. 

(10) The 19 O S  complex transitional zone be- 
tween the SLB and NLB is interpreted as a 
ridge-ridge-ridge triple junction. This complex 
junction is accompanied with N95" to 115"E 
right-lateral transform faults. 

(11) The FNTFZ comprises two domains: a 
N95 O E trending eastern segment characterized by 
left-lateral strike-slip motion, and a N75 O E west- 
ern segment along which left-lateral strike-slip 
motion (7 cm/y) and N135 O E extensional motion 
(3.5 cm/y) occur. 

(12) A ridge-fracture-fracture triple junction is 
inferred at 178"30'W, 15"45'S between the Peggy 
ridge and the two segments of the FNTFZ. 

(13) Tearing of the Pacific plate in the north- 
ernmost Tonga trench is immediately preceded by 
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an increasing N-S stretching accommodated by 
N-S left-lateral strike-slip motion. 

(14) The present-day direction of extension of 
the Lau basin proposed here cannot be applied to 
describe all the tecto& development of the Lau 
basin. 
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