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SUMMARY 
The plate motion model NUVEL-1 predicts oblique convergence between the 
Pacific and Australian plates in the South Island of New Zealand. We used P and 
SH body waveform analysis to constrain the focal mechanisms of the 15 largest 
earthquakes (M,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 5.8) that have occurred in this region since 1964, in order to see 
how the plate motion is accommodated. At  the southern end of the Alpine Fault, 
convergence is achieved by oblique slip movement along a concentrated zone of 
deformation. In the southern offshore region one event may be related to thrusting 
of the Australian plate beneath the Pacific plate, and another strike-slip event 
probably demonstrates movement on an active strike-slip fault system parallel to, 
but offset from, the southern limit of the Alpine Fault. This geometry provides a 
possible mechanism for the rapid uplift of the Fiordland region. Deformation in the 
northern South Island is more distributed. In the south-west Marlborough region 
partitioning occurs between strike-slip faulting in the SE and reverse faulting farther 
NW in the Buller region. We suggest that the partitioning developed as a 
consequence of an increasing component of shortening that was accommodated by 
slip on reactivated pre-existing normal faults in the Buller region. Shortening in the 
Buller region may have deflected the NE end of the Alpine Fault towards the NW, 
forming the prominent bend. The Marlborough Fault System, with its youngest and 
most active faults to the SE, probably developed in an attempt to maintain a 
through-going strike-slip structure as each of the strike-slip faults was transported 
towards the north-west. Partitioning of the opposite polarity (with reverse faulting 
SE of the strike-slip faulting) occurs in north-east Marlborough. The boundary 
between the two different styles of partitioning in NE and SW Marlborough appears 
to coincide with a change in the nature of the downgoing slab and a change in strike 
of faults of the Marlborough Fault System. A normal faulting earthquake on the 
northern edge of the Chatham rise probably results from a complex interaction of 
the buoyant continental crust in that region with the subduction zone and the 
overlying Marlborough Fault System. 

Key words: Alpine fault, earthquakes, Fiordland, focal mechanisms, Marlborough 
Fault System, seismotectonics. 

regions where plate boundaries cross continental litho- INTRODUCTION 
sphere, and is in contrast to the relatively narrow bands of 

In the New Zealand region the deformation between the seismicity that mark plate boundary zones in oceanic 
Pacific and Australian plates is marked by a diffuse band of lithosphere, such as that south of the mainland of New 
earthquakes 200-300 km in width (Fig. 1). This is typical of Zealand. Where plate boundaries are narrow zones of 

deformation, or even single faults, the slip direction on 
* on leave from: D~~~~~~~~~ of Earth sciences, B~~~~~~ faults in earthquakes is usually close to that of the relative 
Laboratories, Madingley Road, Cambridge CB3 OEZ, UK.  plate motion across the boundary, and such slip vectors 
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Jones 1988). The motivation of this study was, therefore, to 
provide the basic data on the focal mechanisms of the larger 
earthquakes in the South Island, which are essential for an 
interpretation of the tectonics. The data analysed here 
include all those available for all the shallow, teleseismically 
recorded earthquakes since 1964. The data thus form a 
complete set with which to investigate the large-scale seismic 
deformation of the South Island during that 28 yr period. In 
contrast to earlier studies that used only first-motion polarity 
data to constrain the fault-plane solutions, we use both 
first-motion and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP- and SH-waveform data, which together 
provide much better constraints on the focal mechanisms 
than do first motions alone. Our subsequent interpretation 
of the tectonics is largely based on these focal mechanisms, 
though other information, from geodetic or palaeomagnetic 
measurements (e.g. Bibby 1981; Walcott 1984) is also very 
important. 

The shallow seismicity of the North Island of New 
Zealand is dominated by the Hikurangi subduction zone and 
the extensional region above it. The main tectonic element 
of the South Island is the Alpine Fault (Fig. 2), a dextral 
strike-slip fault that has had 480 km of displacement since its 
inception in the Late Oligocene-Early Miocene (Wellman 
1953; Berryman et al. 1993), with the most recent scarp at its 
southern onshore limit dated at 230 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 50 yr BP (Cooper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 
Norris 1990). In this southern area the surface trace of the 
Alpine Fault is segmented into short strike-slip and 
reverse-faulting sections (Norris, Koons & Cooper 1990). In 
the central South Island the Alpine Fault appears to be a 
relatively simple feature that is connected to the Hikurangi 
Subduction zone by the Marlborough Fault System (Fig. 2), 
which comprises several active dextral strike-slip faults 
(Lamb & Bibby 1989; Yang 1991). Faults in the south-west 
Marlborough region such as the Hope Fault (Freund 1971) 
strike subparallel to the plate-motion direction (DeMets et 
al. 1990). The Alpine Fault forms the western boundary of 
the Marlborough Fault System and in this region it 
undergoes a significant bend to the left (Suggate 1979). The 
Buller region to the west of the bend (Fig. 2) has 
experienced some major thrust earthquakes on more 
northerly striking structures in historical times unlike the 
strike-slip faulting on the Marlborough System. The 
southern end of the Alpine Fault is not well defined, but it is 
thought to lie just west of the coast in Fiordland. Beneath 
the Fiordland block there is a well-defined steeply dipping 
Benioff zone (Smith & Davey 1984) whose offshore 
continuation to the south is suspected but not proven. We 
investigate the relationships of all these different tectonic 
regimes by determining the focal mechanisms of all the large 
earthquakes in the South Island. 

The data upon which this paper is based are the 
earthquake source parameters in Tables 1 and 2. Focal 
mechanisms are discussed in their regional context in the 
main part of the paper and each one is discussed in detail in 
Appendix A (on microfiche GJI 115/1). 

Figure 1. Shallow earthquakes (<40 km) of magnitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24.0 
reported by the New Zealand Seismological Observatory from 1964 
to 1991. 

provide constraints on global models of plate motion (e.g. 
Minster & Jordan 1978; Chase 1978; DeMets et al. 1990). 
As a consequence of the distributed nature of continental 
deformation, the relationship between the faulting and the 
overall plate motion is often more complex, as there are a 
variety of possible ways in which the plate motion may be 
accommodated. For example, crustal thickening (or 
thinning), movement of material along the strike of the 
deforming zone, and rotation of crustal blocks about vertical 
and horizontal axes are all processes that are known to 
occur on the continents, sometimes in combination. In any 
particular deforming continental region two basic questions 
to address are: (a) how does the present-day deformation of 
the upper crust accommodate the plate motion, and (b) why 
it is accommodated in that particular way rather than in any 
other? 

This paper addresses these questions in the South Island 
of New Zealand, where the convergence between the Pacific 
and Australian plates occurs at a rate of about 40 mm yr-I 
in the direction WSW-ENE. Here, as elsewhere, the most 
obvious and accessible source of information is the 
orientation of faulting in the largest earthquakes. 
Earthquakes larger than about M, 5.8 have rupture 
dimensions comparable with or larger than the thickness of 
the upper seismogenic crust. They account for most of the 
strain that is accommodated by seismic slip on faults (e.g. 
Molnar 1979; Scholz & Cowie 1990), and often show simpler 
regional patterns of faulting than the smaller earthquakes 
that may represent the internal deformation of the blocks 
bounded by large faults (e.g. Webb & Kanamori 1985; 

Method 

Focal mechanisms for New Zealand earthquakes are often 
difficult to determine reliably from P-wave first-motion data 
alone. Events smaller than magnitude 6 are generally too 
small for their first motions to be unambiguously recorded 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. The locations of earthquakes considered in this study, numbered according to the key. Quaternary faults are shown as solid lines 
within the onshore region. Bathymetry contoured in metres. Pacific-Australia relative plate motion (DeMets zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAef al. 1990) is shown by a heavy 
arrow; it is scaled according to the arrow in the lower right. 

Table 1. Hypocentral parameters for the events in this study. 

Event date origin lat. long. centroid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw 
OTfIlOdy) (hrmnsec) P) (“1 

A 640308 
B 650411 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 660423 
D 680523 
E 680925 
F 710813 
G 760504 
H 791012 
I 840624 
J 850131 
K 880603tt 
L 89053 1 
M 900210 
N 910128 
0 910128 

013547.5 4 . 3 0  
001110.1 -42.74 
064939.7 -41.63 
1724 15.6 -4 1.76 
070248.3 -46.49 
144241.2 -42.13 
135629.1 4 . 6 7  
1025 19.3 -46.69 
132941.2 -43.60 
043301.1 46.06 
232731.6 -45.10 
055422.1 -45.27 
03274 1.5 -42.32 
125847.6 -4 1.89 
180053.6 -4 1.90 

167.87 
174.10 
174.40 
171.96 
166.68 
172.10 
167.45 
165.74 
170.56 
165.03 
167.17 
166.88 
172.74 
171.58 
171.67 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 
16 
19 
10 
4 
9 

10 
12 
13 
27 
60 
24 
8 

10 
12 

5.8* 5.9 
5.8 6.1 
5.6* 5.8 
7.4* 7.1 
6.2’ 6.3 
5.5* 5.7 
6.4* 6.5 
7.2* 7.3 
6.1* 6.1 
6.0 6.2 
6.7* 6.7 
6.2 6.4 

5.3t 5.8 
5.6t 6.0 

6.0t 5.9 

* M,$ value from Dowrick & Smith (1990) or Dowrick (1991). 
t M,$ value from Preliminary Determination of Epicentres, Monthly bulletin, National Earthquake Information Service. 
tt Location from Reyners ef al. (1991). 

Note that relocations were performed with depth fixed at the value determined in the minimum misfit solution for each event. 
Epicentral locations are thought to be accurate to about 10 km; depth uncertainties are listed for each event in Table 2. 

All M,$ values, except those marked accordingly, are ISC determinations. 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. Focal mechanism parameters. 

Dale Event zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMo f Scate Strike f Dip f Rake zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* Deplh * Slip f At  

i j lTlody) (Nm) 1 o=x (") (9 ('9 (9 ( s v 4 c )  
Factor Vector 

640308 

6504111 

650411ii 

660423 

680523 

6809251 

680925ii 

710813 

760504 

791012 

840624 

850131 

880603 

89053 1 

900210 

9 10 128a 

A 7.6 -; 17 

B 9.4 2; 17 

5.6 2: 17 

C 4.6 2; 17 

to57 19 
D 4.95 -095 

E 1.6 2; 18 

1.2 - 18 

F 4.0 2: 17 

G 6 5  :li 18 

H 7.79 +:: 19 

I 1.7 2; 18 

J 2.0 $2 18 

K 1.19 2;; 19 

to35 18 
L 3.45 -025 

M 8.7 2: 17 

N 5.3 2; 17 

147 

297 

285 

133 

103 

182 

254 

207 

130 

120 

206 

87 

118 

148 

163 

99 

+23 
-12 

t13 
-3 7 

t25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-45 

t10 
-10 

tl5 
-IS 

+5 
-5 

- 

+IS 
-12 

t10 
-20 

+5 
-10 

t5 
-5 

t10 
-8 

+5 
-5 

t7 
-10 

t5 
-5 

t10 
-10 

267 ::5 +20 

158 T:8 -100 

- -  

254 -5 

291 +36 

239 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT;; -3 

238n T;$ -17 

268 +ii t22 

239 T;: -13 

289 Tis ** 

229 T;: -15 

235 Tio -2 1 

302 Ti 47 

+3 244 +10 
-5 

290 49 

297 T;t 42 +5 +LO t4 910128b 0 8.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG;; 17 008 T:: 48 -5 77 -5 11 -3 

* Upper value is not determined because the uncertainty in depth (which is linked to uncertainty in moment) extends to the surface. 
* *  This event was deep and therefore the slip vector is not comparable to the plate-motion direction. 
t Observed slip vector minus the plate-motion direction predicted by DeMets et al. (1990). 
tt If sinistral north-east trending fault is the fault plane, then the slip vector is 330" and A = 74". 
Note that the convention adopted for slip-vector orientation is that of the motion of the east or south side relative to the west or north. 

by teleseismic stations, in particular island stations whose 
noise level is often high. First-motion mechanisms of events 
that are adequately recorded teleseismically are often poorly 
constrained because the distribution of recording stations is 
poor, with little or no data in the south-west and south-east 
azimuthal quadrants (Anderson 1991). Several attempts 
have been made to complement teleseismic first motions 
with first motions from regional stations (usually short 
period, e.g. Davey & Smith 1983) or to produce composite 
focal mechanisms (e.g. Arabasz & Robinson 1976; 
Robinson & Arabasz 1975), but since the polarities of New 
Zealand regional stations have not always been routinely 
checked, such solutions are often complicated by inconsis- 
tent polarities. In this study we use both the first-motion 
polarities, and teleseismic P and SH waveforms to constrain 
the focal mechanisms. The use of SH waveforms, which are 
often larger in amplitude than P, allows inclusion of some 
smaller events (Ms < 6.0) and also provides much greater 
constraint on the orientation of the nodal planes. 

In all cases we were able to arrive at a focal mechanism 
that was consistent with reliable first-motion data and that 
also produced an acceptable match of observed and 
synthetic waveforms. An analysis process such as this is now 
routine and is described in detail by Molnar & Lyon-Caen 
(1989) and Taymaz, Jackson & Westaway (1990). 

Waveform analysis 

We digitized P and SH waveforms at distances between 30" 
and 80°, and compared their shapes and amplitudes with 
synthetic waveforms. To determine the source parameters 
we used McCaffrey & Abers' (1988) version of Nabelek's 
(1984) inversion procedure, which minimizes in a weighted 
least-squares sense the misfit between the recorded and 
synthetic waveforms (McCaffrey & Nabelek 1987; Nelson, 
McCaffrey & Molnar 1987; Fredrich, McCaffrey & Denham 
1988). Seismograms were generated by combining direct (P 
or S) and reflected ( p P  and sP,  or sS) phases from a point 
source in a given velocity structure. Receiver structure is 
assumed to be a homogeneous half-space. Amplitudes are 
adjusted for geometrical spreading, and for attenuation 
using Futterman's (1962) operator, with t* = 1 s for P and 
t* = 4 s for SH. Uncertainties in t* mainly affect the source 
duration and seismic moment, rather than the centroid 
depth or source orientation (Fredrich et al. 1988). 
Seismograms were weighted according to azimuthal density 
(McCaffrey & Abers 1988) so that stations that were 
clustered together (in the north-west quadrant in most of 
our events) had less weight than isolated stations elsewhere 
(e.g. Pacific Islands and Antarctic). The strike, dip, rake, 
centroid depth and source-time function, which is described 
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by a series of overlapping isosceles triangles of prescribed 
number and duration (Nabelek 1984), are then adjusted in 
the inversion procedure. 

The velocity structure for all the shallow events (<30 km) 
used a layer over a half-space with the average P-wave 
velocity above the source of 6.0kms-' and a source P 
velocity of 6.8 km s-'. The velocity structure for the only 
deep event zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(60 km) used an average crustal velocity above 
the source of 6.5 km s-', with a mantle-source velocity of 
8.1 km s-': a value that is consistent with that determined 
by Haines (1979). Where the event occurred offshore the 
appropriate water depth was used, although this was difficult 
to estimate in regions where bathymetric gradients are steep 
(e.g. in the Resolution Ridge area, Fig. 2). The effect of 
steep bathymetric gradients is to produce significant 
P-waveform complexity (Weins 1987, 1989) but this is 
generally most evident in the later arrivals, and its effect on 
the inversion is reduced by the inclusion of SH waves. 

Most of the events were well represented by a single point 
source, and no event produced a clear azimuthal variation in 
the waveforms that might indicate rupture propagation. 
Both these observations are expected from comparison with 
other studies of similar sized earthquakes (e.g. Taymaz et al. 
1990; Nelson et al. 1987; McCaffrey 1988; Fredrich et al. 
1988; Molnar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Lyon-Caen 1989). 

Procedure 

The details of our analysis procedure will be illustrated with 
the 1968 May 23 Inangahua earthquake zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( D )  (Tables 1 and 

We determined the first-motion focal mechanism using 
teleseismic data, which was then complemented with 
regional (mostly short period) first motions. The polarities 
of the short-period regional records are less reliable than the 
long-period readings. Where polarities from regional 
stations were necessary to constrain the source mechanism, 
we calibrated the polarities using a deep distant teleseismic 
event with an impulsive onset. The first-motion solution was 
used as a starting model for the waveform inversion 
procedure. The source orientation of the minimum misfit 
variance solution returned by the inversion procedure (Fig. 
3) was usually consistent with the first-motion data (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). 

The minimum misfit solution for the Inangahua 
earthquake ( D )  (Fig. 3) includes a source-time function in 
which there is a rapid increase in moment release after the 
first 5 s of rupture. This indicates that the earthquake was a 
complex event consisting of a small initial subevent 
(M,6 .5 )  followed by a much larger episode of moment 
release (M, 7.0). The first two subevents are responsible for 
the double-upward pulse seen in the onset of the P 
waveforms at all azimuths. The data are not sufficient to 
resolve either a spatial separation of the subevents or a 
difference in mechanism between them. 

Having found an acceptable minimum misfit solution, we 
followed the procedure described by McCaffrey & Nabelek 
(1987), in which the inversion routine is used to carry out 
tests to determine how well individual source parameters are 
resolved. We investigated one parameter at a time by fixing 
it at a series of values either side of the minimum misfit 
value and then allowing other values in the inversion to 
vary. We then visually compared the quality of fit between 

2). 

INANGAHUA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA68.05.23 Mw=7.1 (D) 
232/51/103/10/4.949E19 

C "+ 

N 

Figure 3. This (and subsequent similar figures in Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA) 
shows the radiation patterns and synthetic waveforms for the 
minimum misfit solution returned by the inversion procedure, as 
well as the observed waveforms. For the purposes of display, 
waveform amplitudes have been normalized to that of an 
instrument with a gain of 3000 at a distance of 40". Solid lines are 
observed waveforms, and the inversion window is identified by 
vertical bars. Synthetic waveforms are dashed lines. The station 
code is identified to the left of each waveform, together with an 
upper case letter, which identifies its position on the focal sphere, 
and a lower case letter that indicates the type of instrument 
(w = WWSSN long period; d = GDSN long period). The vertical 
bar beneath the focal sphere shows the scale in mm, with the lower 
case letter indicating the instrument type, as before. The 
source-time function is shown in the middle of the figure, and 
beneath it is the timescale used for the waveforms. Focal spheres 
are shown with P and SH nodal planes, in lower hemisphere 
projection. Station positions are indicated by letter, and are 
arranged alphabetically clockwise, starting from north. P- and 
T-axes are marked by solid and open circles. Where ScS is expected 
to arrive within the inversion window, its predicted arrival time is 
marked. Beneath the header at the top of the figure, which shows 
the date and moment magnitude, are five numbers which show the 
strike, dip, rake, centroid depth and seismic moment (in units of 
Nm) of the minimum misfit solution. 
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all events except the Inangahua earthquake (Fig. 3) are 
shown in Fig. 7. The location and mechanism data are listed 
in Tables 1 and 2, and a detailed discussion of each of the 
other earthquakes, including field data, aftershock studies 
and previously published focal mechanisms is included in 
Appendix A (on microfiche GJI 115/1). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA680523 (D) 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. Lower hemisphere, equal-area projection of the 
first-motion polarity data for Inangahua earthquake of 1968 May 23. 
The dilatational first arrival is indicated by open circles, 
compressional arrivals are solid. Smaller sized circles and dots 
indicate short-period, usually regional data. All other polarities 
were read from long-period vertical WWSSN seismograms. P-  and 
T-axes are indicated by letter. The date code convention followed 
in this paper is year, month, day, i.e. 680523 is 1968 May 23. 

For the Inangahua earthquake the polarity of the WWSSN station 
TAU appeared to be anomalous and it is possible to produce a 
first-motion mechanism that is consistent with TAU. However, this 
station appears to be anomalous in other events so we were 
uncertain whether the postion of the station was being determined 
incorrectly (it is at distances of 10-20”) or there has been a history 
of polarity reversals. The station log records were checked and in 
1968 the station was indeed reversed (June Pongratz, private 
communication, 1991). The correct polarity plotted in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 is 
consistent with the inversion results. 

the observed and synthetic seismograms to determine at 
what values of the constrained parameters the fit degraded 
significantly. In this way we were able to estimate the 
uncertainty in the strike, dip, rake and depth. This 
procedure was undertaken for all events and the results are 
listed in Table 2, but only the test results for the Inangahua 
earthquake are presented here (Figs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and 6). The extreme 
values of strike, dip, rake, slip vector and depth for which 
the fit is acceptable are shown for comparison with the 
minimum misfit solution. 

Centroid-moment tensor (CMT) solutions (Dziewonski, 
Chou & Woodhouse 1981) for earthquakes with seismic 
moment greater than about lO”Nm (M,-5.3) are 
available since 1977. The centroid-moment tensor solutions 
are usually derived from low-pass filtering the whole wave 
train at 45 s. The long-period WWSSN data contain higher 
frequencies, and should be better for constraining the depth 
and time function. In most cases, the Harvard CMT solution 
is within the error bounds of our minimum misfit solution. If 
it is not, we have included in Appendix A (on microfiche 
GJI 115/1) the waveforms for the CMT solution for 
comparison with our minimum misfit solution. 

Having found the centroid depth, we relocated each event 
using both teleseismic and regional station data and an 
appropriate velocity model to determine the origin time, 
from which we were able to derive residuals for S H  waves. 

The first-motion data, minimum misfit solution and 
Harvard centroid-moment tensor solution (if available) for 

INTERPRETATION 

The focal mechanisms and centroid depths for the 
earthquakes in this study are shown in Fig. 8. The 
mechanisms for the Solander (E: 1968 September 25), Big 
Bay (A: 1964 March 8) and Chatham Rise (B: 1965 April 
11) earthquakes are shaded differently in this figure because 
their minimum misfit solutions are less reliable than the 
other events in this study. Focal mechanisms derived from 
surface-faulting observations for the historical Murchison 
(1929 June 16), Arthurs Pass (1929 March 9) and Glynn 
Wye (1888 August 31) earthquakes have been included for 
comparison with the other events in that region. The focal 
mechanisms for these historic events are discussed in 
Appendix B (on microfiche GJI 115/1), Slip vectors for the 
recent events and the plate-motion direction predicted from 
the Pacific-Australia pole (DeMets et al. 1990) are shown in 
Fig. 9. Identification of a slip vector in each earthquake 
involves a choice of fault plane from the two nodal planes in 
each fault-plane solution. Our reasons for making the 
choices we did are discussed later. 

The centroid depths range from 4 to 27km, with one 
Fiordland subduction zone event (K) at 60km. It is 
noticeable that the deepest events (B, C, L )  are those above 
the Hikurangi or Fiordland subduction zones, whereas the 
events in the central and northern South Island have depths 
of around 10km. The centroid depth for the Resolution 
Ridge earthquake (J : 1985 January 31) is significantly 
greater than expected since it occurred in an area of 
dominantly oceanic crust to the west of the Puysegur trench, 
which is thought to be the outcrop of a thrust-dipping east 
(although the seismicity does not show a clearly defined 
Benioff zone). 

The mechanisms fall into five groups; (a) reverse faulting 
in the Buller region, (b) strike-slip and oblique-slip faulting 
events associated with the Marlborough Fault System and its 
offshore extension, (c) oblique-slip events associated with 
the southern offshore extension of the Alpine Fault and the 
Puysegur trench, (d) a deep event associated with the 
Fiordland subduction zone, and (e) a normal-faulting event 
at the western end of the Chatham Rise. 

No large earthquake has been instrumentally recorded on 
the Alpine Fault zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsemu stricto, although Holocene faulting 
events with slip components of 7-8 m dextral and up to 1 m 
vertical have been documented in places from offset stream 
beds, terraces and other recent features (Beanland 1987). 
The modern seismicity level of the Alpine Fault is low but 
our earthquakes show that its extensions into the southern 
offshore region and into the Marlborough Fault System have 
been seismically active in the last 30 yr. 

(a) Buller Region reverse-faulting events 

The mechanisms of events in group (a) are similar in spite of 
a large difference in their magnitudes (ranging from M ,  5.8 
to M, 7.1). 
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MUN P KIPSH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEOSH SHKSH GUA SH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1038 6 

$ 22715018.81121 
4.734E19 

<0/45/64/12/ 
4.815E19 -J\;.++&T 
4.66E19 

P 25s STF ’< :/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

$! ;0/41/71/12/ 

Figure 5. In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis and Fig. 6, each row shows a selection of waveforms from a run of the inversion program. The top row shows waveforms 
from the minimum misfit solution. The stations are identified at the top of each column, with the type of waveform marked by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP or SH and 
followed by the instrument type, as in Fig. 3. At the start of each row are the P and SH focal spheres for the focal parameters represented by 
the five numbers (strike, dip, rake, depth and moment, as in Fig. 3) showing the positions on the focal spheres of the stations. A dot above one 
of the focal parameters means that it was held fixed in that inversion: thus in rows 2-3, 4-5, 6-7 and 8-9 the rake, strike, dip and slip vector 
were held fixed, respectively. The displayed waveforms are in the same convention as in Fig. 3. 

LPA SBA MUN SHK SBA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 

2231511921~1 

g E & ( 5 & 5 s  ’ ‘ 5 1 0 s  STF&&&*@ I I 

I 

2 3 215 1 I 1  0 3  I r b l  ‘.I 

5 . 3 6 8 E 1 9  

\I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
F :@@)A "lit.+++.+ 

25s STF I I 

‘f 2 26 I 5  1 I1  0 5 11’5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
3.901 E l 9  

Figure 6. As for Fig. 5, except that the range of depths that provide an adequate data fit are shown for comparison. 
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Focal mechanisms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof large earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1039 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(A)640308 (B)650411 (c)660423 (E)680925 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TAU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc-s, 
(F)710813 (G)760504 (H)791012 (1)840624 

9 .  

(J)850131 (K)880603 (L)890531 (M)900210 

(N) 9 101 28 ;1 (0) 9 101 28 ;2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. I  

Figure 7. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFinal minimum misfit solutions for each of the earthquakes shown in Fig. 2 except for 1968 May 23 which is shown in Figs 3 and 4. 
First-motion polarity information is also shown. Dashed nodal planes indicate centroid-moment tensor solution obtained by Harvard 
University routinely published in Physics of the Earrh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Planetary Interiors. For several earthquakes the polarity of TAU seems inconsistent. 
Station records suggest that the polarity of this station was reversed for most of 1968 and possibly late 1979, but station records have not been 
carefully checked for other time periods. We, therefore, consider TAU to be of unreliable polarity for routine first-motion analysis. It was not 
used in any waveform inversion because its epicentral distance was <30". The plane shown as FBZ for K indicates the Fiordland Benioff Zone 
after Smith & Davey (1984). 

The largest recent event in the region was the Inangahua 
earthquake (D: 1968 May 23), which had an epicentre 
located in an area of dense bush and difficult terrain. 
Although there were several complex ground ruptures, none 
could be unequivocally identified as the fault break related 
to the main shock (Lensen & Suggate 1968). The slip vector 
determined from the focal mechanism cannot, therefore, be 
directly compared with that from the surface break, but the 
focal mechanism is consistent with the surface observations 
of reverse faulting. A sinistral component was reported by 
Lensen & Suggate (1968) for the most obvious trace, which 
would be consistent with the south-east-dipping nodal plane 
being the fault plane. However, recent analysis of repeated 
levelling surveys in the epicentral area indicates that the 
fault responsible for uplift in that area dips about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45" to the 
north-west and probably did not rupture the ground surface 

(Haines 1991a). Relocated aftershock locations confirm this 
choice of fault plane (Anderson et af. 1994). The slip vector 
representing movement on the north-west-dipping plane in 
our minimum misfit solution has an azimuth of 291", which 
is 36" clockwise from the plate motion direction predicted by 
DeMets et al. 1990. 

In January 1991 two events occurred close together in the 
region south-west of the Inangahua earthquake. The events 
(N and 0: Hawks Crag 1 and 2; 1991 January 28) had 
similar mechanisms to each other and to the Inangahua 
earthquake. Preliminary aftershock locations (Robinson 
1991) for the first Hawks Crag event form a cluster about 
8 km to the west of the aftershock sequence for the later 
earthquake. There is no evidence from the aftershocks or 
any ground surveys to indicate a preferred fault plane, but 
because of the dominantly dip-slip character of the 
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1040 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH .  Anderson, T. Webb and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ. Jackson zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8. Fault-plane solutions for all of the earthquakes in this study and three additional historical events (horizontal lines in compressional 
quadrants). Criteria for determining historical focal mechanisms are described in Appendix B. The deep Te Anau earthquake has inclined lines 
and the three least reliable minimum misfit solutions are indicated by grey shading in compressional quadrants. Numbers at the top or side of 
each focal mechanism indicate the best fit centroid depth. 

mechanism, the slip vectors for both nodal planes are very 
similar. 

The Murchison earthquake of 1929 June 16 (Ms7.8; 
Dowrick zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Smith 1990) also occurred in an area close to the 
Inangahua event (D), and from the surface displacements 
(see Appendix B on microfiche GJI 115/1), it is possible to 
determine a focal mechanism, which is similar to those of 
other events in this region (Fig. 8). 

All the large Buller region earthquakes indicate almost 
pure dip-slip reverse faulting, and their slip vectors are 
rotated more than 35" clockwise from those predicted by the 
NUVEL-1 pole (DeMets et al. 1990). This discrepancy far 
exceeds the estimated uncertainties in the slip vectors 
themselves. These slip vectors are significantly different 
from those in the Marlborough Fault System to the east. 

(b) Marlborough Fault System 

The Tennyson earthquake (M: 1990 February 10) occurred 
in an isolated area between two of the major active faults of 

the Marlborough Fault System (Fig. 2). No surface rupture 
was recognized for this event, but preliminary aftershock 
locations (Webb 1993) are spread over a large area between 
the Fowlers Fault (Richardson 1977) and the Awatere Fault 
(Fig. 2). The more precisely located events appear to define 
an elongate zone, about 12 km long, that is parallel to the 
local trend of the Awatere Fault, so it is probable that the 
north-east-striking nodal plane represents the fault plane. 
The slip vector for this plane is moderately well constrained 
(235" -7/+10") and is rotated about 20" anticlockwise 
relative to the predicted plate-motion direction. Other large 
strike-slip events have occurred in historical time (150 yr) in 
the Marlborough region (Cowan 1990; Yang 1992) and 
surface ruptures have clearly demonstrated dextral motion 
on the ENE-trending faults (Cowan 1990). 

The Maruia Springs earthquake (F: 1971 August 13) has a 
mechanism and slip vector similar to the Tennyson event. Its 
location west of the Alpine Fault is confirmed by an 
aftershock study which showed no obvious alignment of 
aftershocks whose depths ranged between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 14 km 
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Focal mechanisms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof large earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1041 

Figure 9. Observed slip vector (see Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 for errors) for each of the events in this study compared to the predicted plate motion (finer arrow) 
using the NUVEL-1 pole (DeMets et al. 1990). Convention used for defining the slip-vector direction is that the arrow points in the direction of 
motion of the east or south side relative to the north or west. If no fine arrow is shown, the predicted plate motion and observed slip vector are 
the same. Dashed slip vectors denote less reliable mechanisms. 

(Martin Reyners, private communication). There was no 
surface rupture identified for this event so the fault plane 
cannot be unambiguously identified. If the north-west- 
striking plane were the fault plane, then it would be a 
sinistral movement with a slip-vector azimuth similar to 
those of the reverse faulting events in the Buller region. In a 
more likely interpretation, the north-east-striking plane 
represents the fault plane, so its strike would be similar to 
that of the Alpine Fault to the north of the Big Bend (Fig. 
2) where there is evidence for minor faults with this trend in 
the local geology (Cutten 1979). 

The Godley River earthquake (f: 1984 June 24) occurred 
in winter in a rugged area of the central Southern Alps, but 
not on the Alpine Fault. Access to the area in which any 
ground rupture might be exposed was impossible, although 
the epicentral area was inspected by air. The fault-plane 
solution for this event is similar to those in the Marlborough 
Fault System to the north-east. We consider the the NE 
striking plane is mostly likely to represent the fault plane 
and hence that the movement was right-lateral strike slip. 

No active fault has ben recognized in the epicentral area 
(Lensen 1977) although if the Porters Pass Fault, which has 
a similar strike (Berryman 1979) to our preferred fault 
plane, is projected along strike towards the south-west, then 
it intersects the epicentral area. We, therefore, suggest that 
the Godley River earthquake involved motion at the 
southernmost extent of the Marlborough Fault System. 

The Seddon earthquake (C: 1966 April 23) occurred at 
the northern offshore extension of the Marlborough Fault 
System. It was felt over a large area (Adams 1970), but no 
surface faulting was identified (Lensen 1970). We consider 
that the north-east-striking nodal plane is the most likely 
fault plane because this is the strike of the major faults in 
this region (Lamb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Bibby 1989, Fig. 2). If so, the 
movement was oblique, reverse and right-lateral strike slip, 
with a slip vector virtually the same as that predicted by the 
plate motions. 

All the dominantly strike-slip events (I, F, M) have slip 
vectors that are slightly rotated anticlockwise relative to the 
plate-motion direction predicted by the NUVEL-1 pole 
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1042 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH .  Anderson, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT. Webb and J .  Jackson 

(DeMets et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaf. 1990). This discrepancy is small (<20") and is 
not much greater than the estimated uncertainty in the slip 
vectors themselves, but is always in the same sense (Table 
2). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(c) Southern Region shallow events 

The events in this group split into two separate subsets; 
oblique-slip events located at the southern end of the Alpine 
Fault, and a group of dominantly dip-slip or strike-slip 
events in the extreme south near the Puysegur trench. 

The events at the southern end of the Alpine Fault (A: Big 
Bay, 1964 March 8; G: Milford Sound, 1976 May 4; L: 
Doubtful Sound, 1989 May 31) have oblique-slip mechan- 
isms with a dominant reverse-faulting component. Choosing 
the fault plane and hence the slip vector is complicated by 
the fact that all these events occur offshore or in difficult 
terrain. 

The epicentre for the Big Bay event zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( A )  was offshore, but 
less than 20 km from the Alpine Fault. Neither of the nodal 
planes in its oblique-slip mechanism has a strike similar to 
the Alpine Fault, but we have chosen the east-west-striking 
plane as the most likely fault plane because the motion 
would be dextral on a fault with this orientation. The slip 
vector for this fault plane is rotated about 20" clockwise of 
the predicted plate motion. 

The Milford Sound earthquake event (G) has a better 
constrained, dominantly reverse faulting oblique-slip mech- 
anism. It occurred just off the mouth of Milford Sound 
(Eiby 1978), and aftershocks were also concentrated in this 
region (Davey zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Smith 1983). Identification of the 
north-east striking plane as the fault plane is based on 
similarity of strike with the local expression of the Alpine 
Fault (Fig. 2) and bathymetric trends in the epicentral 
region. In this case the slip vector is oriented amost 
east-west and, like event A,  it is rotated clockwise of the 
predicted plate motion. 

The depth of the Doubtful Sound earthquake (L) is 
significantly greater than the two other shallow Fiordland 
events (G and A). This is probably because the two earlier 
events are to the north of the main Benioff zone (Reyners, 
Gledhill & Waters 1991, Fig. 2b) and are more closely 
related to the offshore extension of the Alpine Fault. Like 
the northern two events in this region, the mechanism 
involved oblique slip on a reverse fault. We prefer the 
east-dipping plane as the fault plane because the strike is 
subparallel to the coast line and bathymetry where it would 
intersect the surface, and it would involve dextral strike-slip 
motion in a direction comparable to the predicted 
plate-motion direction. 

The fault plane, and hence the slip vector, cannot be 
unambiguously identified for any of these focal mechanisms, 
but dextral movement on north-east-striking planes is most 
likely, because this is the sense of motion on the Alpine 
Fault. There appears to be a systematic change in the strike 
of the north-east striking plane (which we prefer as the fault 
plane) from almost -ENE for the Big Bay event through to 
a more -NNE strike for the Doubtful Sound event (L). The 
slip vectors of the two most northerly events (A, G) are 
rotated about 20" clockwise relative to the plate-motion 
direction, whereas the Doubtful Sound event is rotated 
about 15" anticlockwise. However, these discrepancies are 

comparable with the estimated uncertainties in the slip 
vectors. 

The most southerly group of events includes J: Resolution 
Ridge, 1985 January 31; H: Puysegur, 1979 October 12; and 
E: Solander, 1968 September 25. 

The tectonic significance of the Puysegur earthquake (H) 
lies in the fact that it is the only thrust-faulting earthquake 
whose epicentre lies east of the Puysegur Trench (Fig. 2). 
Although it is widely assumed that the Fiordland Benioff 
zone continues offshore to the south, the seismicity in the 
offshore region does not clearly define a Benioff zone. If the 
Puysegur earthquake occurred on a shallow-dipping, 
north-striking fault then it represents thrusting of oceanic 
material beneath the continent to the NE. The presence of 
2Myr old andesite volcanic rocks (Reay 1986) at a small 
island about 100 km east of the epicentre, suggests that 
subduction has occurred in the region, although the 
definition of the Benioff zone at depth remains a problem. 
The slip vector for the shallow-dipping plane has an azimuth 
indistinguishable from the plate-motion direction. 

In spite of its relatively poorly constrained focal 
mechanism, we are confident that the Solander earthquake 
(E) involved dominantly strike-slip motion (see Appendix A 
on microfiche GJI 115/1). The epicentre lies on the offshore 
extension of the Fiordland Boundary Fault Zone (Grant 
1985, or Moonlight Fault System of Norris & Carter 1982), 
which has a similar strike to the north-east-striking plane in 
our mechanism. Recent movement on this fault zone is 
demonstrated by offset of the sea-floor (Grant 1985). It 
seems likely that the north-east-striking plane in the 
fault-plane solution is, therefore, the fault plane, which 
moved in a dextral strike-slip sense. The slip vector for this 
fault plane is the same as the predicted plate-motion 
direction but is poorly constrained. 

Resolution Ridge earthquake ( J )  was a relatively deep 
event (27 km) with a mechanism that was almost pure dip 
slip. Both planes trend subparallel to the bathymetric trend, 
so we are unable to distinguish the fault plane. We have 
chosen the steeper west-dipping plane because it would 
reach the sea bottom close to the northern end of the 
Puysegur Trench (Fig. 2), whereas the shallower dipping 
nodal plane would represent a fault that would outcrop 
about 20 km to the west of Resolution Ridge, in an area 
where there is no known evidence for active faulting. In 
either case the slip vector is oriented north to north- 
northwest, at a high angle (49") to the predicted plate 
motion but perpendicular to the local strike of the Puysegur 
trench. 

(d) Deep Fiordland earthquake 

The 1988 Te Anau earthquake (K) occurred at a depth of 
60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 5 km within the Fiordland subduction zone, which 
strikes approximately 40" and dips about 80", as defined by 
events deeper than about 50 km (Smith & Davey 1984). The 
steeply dipping plane in our mechanism (Fig. 7) strikes 281" 
(-10/+5") which forms an angle of more than 20" to the 
long axis of the aftershock zone as determined by Reyners et 
af. (1991). Since our tests indicate that this discrepancy is 
greater than the uncertainties in our strike, it is possible that 
the aftershock locations are slightly biased. All the 
aftershocks located by Reyners et af. (1991) lie to the west 
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of the stations used in the locations. The closest stations 
used lie along a line trending north-northeast; such a 
network geometry will tend to introduce a bias in which the 
aftershock locations are elongate along a line perpendicular 
to this trend. Such a bias will also produce shallow depths 
for events located furthest from the stations; a phenomenon 
also observed in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 of Reyners et al. (1991). If such 
elongation and depth bias is significant it may not be 
possible to prefer either of the fault planes using aftershock 
data, but horizontal movement on a shallow dipping plane 
(Fig. 7) at such depth seems less likely than a movement on 
the near-vertical plane as suggested by Reyners et al. (1991). 

The slip vector from this focal mechanism is not expected 
to be useful for comparison with the plate-motion directions 
because of the depth of the event. Neither the P- nor 
T-axes, which for deeper events are thought to indicate 
internal stress orientation within a slab (Isacks zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Molnar 
1969), lie within the plane of the subducted slab (Fig, 7) as 
identified by Smith & Davey (1984) from seismicity, 
although the T-axis is close. This earthquake, therefore, 
represents deformation within the slab, as suggested by 
Reyners et al. (1991). 

(e) Normal faulting event 

The 1965 April 11 earthquake at the western end of the 
Chatham Rise is unusual in that it is the only crustal 
normal-faulting event recognized in New Zealand apart 
from those associated with back-arc extension in the North 
Island (Smith & Webb 1986; Beanland, Blick & Darby 
1990; Anderson, Smith & Robinson 1990). The choice of 
fault plane for this event was simplified by the recent 
recognition of south-dipping normal faults with an east-west 
strike that break the sea-floor on the northern flank of the 
Chatham Rise, and which appear to be reactivated faults 
bounding Cretaceous half-graben (Barnes 1991). We 
consider that this earthquake represents faulting on one of 
these south-dipping faults and so the slip vector is oriented 
south-east. This direction is roughly orthogonal to the 
predicted plate-motion direction. 

P-axes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In spite of the dramatically different focal mechanisms and 
slip vectors in the northern part of the South Island, the 
P-axes in that region are remarkably similar. The azimuths 
of the P-axes are plotted in Fig. 10. Since most of these 
events are either pure strike slip or pure reverse faulting, 
the subhorizontal nature of the P-axes means the azimuths 
are relatively well constrained. 

The P-axis of any focal mechanism cannot be directly 
related to directions of principal stress (McKenzie 1969) but 
the very close agreement with the direction of the principal 
axis of shortening determined from repeated triangulation 
surveys (Bibby 1981, Fig. 10; Walcott 1984; Lamb & Bibby 
1989) suggests that the seismic and aseismic deformation are 
both taking up the same motion. These results demonstrate 
that the strain is uniform throughout the area, although the 
displacements (slip) are markedly different on either side of 
the Alpine Fault. Similar results for different fault systems 
with a uniform strain field have been recognized in the 
North Island (Darby & Williams 1991). 

SH residuals 

SH residuals are potentially useful for demonstrating lateral 
variations in crust and upper mantle structure (e.g. Molnar 
1990). The residuals are determined for each station by the 
difference in the matched SH arrival time in the inversion 
results compared with that predicted by the standard 
traveltime tables. We have relocated all our events using P 
arrival times so their P residuals are small (generally less 
than 2 s ) .  and consequently any significant SH residual is 
likely to be indicative of structure that has affected the 
propagation of shear waves. 

The SH residuals derived from our inversion results are 
shown with the SH waveforms for each earthquake in 
Appendix A (on microfiche GJI 115/1). In almost all 
earthquakes, the SH residuals at Antarctic stations (SBA 
and SPA) were significantly delayed (mean 7.6, standard 
deviation 4.5), indicating a particular path effect. The 
orientation of the horizontal seismometers at SPA might 
contribute to such a residual if incorrectly aligned, however, 
the correct orientation has been confirmed by Okal (1992). 
For each event we determined the mean residual both 
including and excluding these stations (Table 3). The two 
earthquakes (B and C) at the southern end of the Hikurangi 
margin both show significant negative average SH residuals, 
probably because the take-off angle to most of the stations is 
down the Hikurangi subducted slab. Events in the central 
South Island show relatively small mean residuals (generally 
<3 s) with the exception of the deep Fiordland and Solander 
events. 

DISCUSSION 

The purpose of our investigation was to improve the quality 
and number of fault-plane solutions of large earthquakes in 
the South Island, to aid the interpretation of the active 
tectonics. To facilitate this interpretation of the active 
tectonics we discuss groups of events by regions along the 
strike of the Australian-Pacific plate boundary. 

Northern South Island 

The first two regions are north-east Marlborough and 
south-west Marlborough. The line dividing these regions 
(Fig. 11) is drawn on the basis of a distinct difference in the 
distribution of the deep seismicity, which, when extrapo- 
lated to the south-east, corresponds to a change in strike of 
the Marlborough Faults. The Awatere, Clarence and Hope 
faults all show a clear swing from an azimuth of 70-75" in 
south-west Marlborough, to 50" in the north-east (Bibby 
1981). In fact many authors have taken this line to mark the 
end of the underlying subducted slab (e.g. Lamb & Bibby 
1989; Ansell & Adams 1986). Recent data obtained since 
the improved seismograph coverage of this region show that 
this is not the case (Anderson et al. 1994). Fig. 12 shows 
cross-sections of the recent seismicity parallel and 
perpendicular to the margin. The section along strike clearly 
shows the transition from a deep slab in the north-east, with 
many events to 250 km depth, to a shallow slab with events 
to 100 km, and finally no activity below 50 km in the 
south-west. Both transitions appear to be too abrupt to be 
an artefact of moderate-depth events being restricted to 
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I- \ 

Figure 10. P-axis azimuths for all the events in this study compared with the azimuths of relative compression determined from geodetic data 
(Bibby 1981; Walcott 1984; Lamb & Bibby 1989). The Chatham Rise normal-faulting event is not included because its P-axis is subvertical 
and, therefore, the azimuth is poorly defined. 

crustal depths during routine analysis. The sections 
perpendicular to the strike of the plate boundary show a 
pronounced extra 150 km of slab to the north-east. It is 
important to note that the shallow part of slab common to 
both sections is identical within the accuracy of the routine 
locations. The north-east section is distinguished only by the 
extra steeply dipping piece of slab; the shallow part does not 
dip more steeply than the section to the south-west, nor is it 
deeper. The tear in the slab identified by Robinson (1986) 
further to the north-east has a depth difference across it of 
about 6 to 7km. Such a difference would not be 
distinguishable with the catalogue data that we have used. 

Note that the extension of the dividing line to the 
south-east intersects the end of the 2000 m bathymetric 
contour in the Hikurangi Trough, which roughly marks the 
beginning of the transition from the subduction of oceanic 
(or possibly thinned continental, Davy 1992) crust to 
convergence of continental crust (Walcott 1978; Bibby 
1981). 

Northeast Marlborough 

Bibby (1981) analysed the geodetic data for the north-east 
Marlborough region and found that strain was partitioned 
between strike-slip faulting inland to the north-west, and 
reverse faulting on land nearer to the Hikurangi Trough 
(i.e. trenchward). Such partitioning of oblique convergence 
at subduction zones is not unusual (Fitch 1972; Jarrard 
1986), and is the southern extension of partitioning observed 
in the North Island, New Zealand (Walcott 1984; Robinson 
1994). Lamb (1988), and Lamb & Bibby (1989) suggest that 
the entire north-east Marlborough system is rotating 
clockwise through the translation and rotation of large 
crustal blocks. 

The only earthquake that occurred in the north-east 
Marlborough region (C) has a centroid depth of 19km, 
which places it in the crust above the subducted Pacific 
Plate, according to the cross-section of Robinson (1986). 
The mechanism of event C is oblique, with the horizontal 
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Table 3. SH residuals determined from match of observed and synthetic waveforms. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Date Event 

SH 
residual zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

exduding SBA/SPA 

SH 
residual 

including SBA/SPA 

640308 A 1.8 0.8 3 4.4 5.2 4 
6504 11 B -6.2 2.0 4 -4.1 5.0 5 
660423 C -2.9 1.7 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - 
680523 D 0.0 1.7 6 2.8 5.5 8 
680925 E 6.7 4.5 9 7.9 5.6 10 
710813 F 2.5 1.6 5 4.1 4.3 6 
760504 G 2.8 2.0 9 3.6 2.7 11 
791012 H 0.6 3.3 10 0.5 3.2 12 
840624 I -0.4 1.5 8 0.4 2.8 9 
850131 J 2.7 2.0 19 - - 
880603 K 6.2 2.3 13 6.3 2.3 14 
89053 1 L 3.1 2.5 18 3.3 2.6 19 
900210 M 1.1 2.8 17 1.8 3.8 18 
910128;l N 0.8 3.7 7 
910128;2 0 3.1 3.9 7* - - 

- - 

* excluding value at CTAO 
x = mean 
s = standard deviation 
n = number. 

projection of the slip vector in the direction of plate motion. 
This direction does not agree with that predicted by the 
block model of Lamb & Bibby (1989) (velocity U,, in their 
Fig. 21), which would be north-west. Nor does event C show 
any evidence of the strain partitioning found in the geodetic 
data by Bibby (1981). There are two possible reasons for 
this. First, if the partitioning observed by Bibby (1981) is a 
gradual transition from strike-slip inland to reverse as we 
approach the Hikurangi Trough, a part of the way across 
this transition we might expect oblique-faulting solutions 
such as event C (i.e. no partitioning on a local scale). The 
location of event C in the middle of the deforming zone may 
be compatible with such a model (Fig. 11). Secondly, event 
C is 19 km deep. Both the geodetic strain partitioning and 
block rotations are observed at the surface, which is 
compatible with simple oblique deformation in the direction 
of plate motion at greater depths. 

The Marlborough Faults in the north-east region are not 
ideally oriented for strike-slip faulting in the direction of 
plate motion (259"). The overall pattern here is thus one of 
oblique convergence being accommodated by strike-slip 
movement away from the trench, with the shortening 
accommodated trenchward by reverse and oblique move- 
ment on the north-easterly oriented Marlborough Faults. 
The residual reverse component is manifest by the uplift of 
the Kaikoura Ranges, as pointed out by Bibby (1981). 

South-west Marlborough 

Bibby (1981) suggested that the strain partitioning he 
observed to the north-east did not continue to the 

south-west, because the faults in this region are more 
favourably oriented to accommodate all of the plate motion. 
This motion should be dominantly strike-slip, with little 
reverse component or uplift. Lamb & Bibby (1989) noted a 
change to less uplift in the south-west region, consistent with 
a transition to a dominantly strike-slip regime. 

Our results indicate that, while there is right-lateral 
strike-slip faulting in the south-west Marlborough region, 
there is also reverse faulting with a NE strike further 
inboard of the margin, near Buller (Fig. 8). Focal 
mechanisms on these two types of faults have similar P axes 
(Fig. lo), but very different slip vectors. The average slip 
vector for the three strike-slip events (F,  I, M) is 237 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 2", 
and for the three reverse-faulting events in Buller (D, N, 0) 
is 297". In this region, the direction of Pacific-Australia 
plate convergence predicted by the model NUVEL-1 
(DeMets et al. 1990) is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA255". Thus the slip vectors on the 
reverse faults are significantly (40") clockwise of the 
expected direction of relative plate motion, while those on 
the strike-slip faults are slightly anticlockwise of the plate 
motion. 

One explanation for the shortening in the Buller region is 
that the Pacific-Australia plate motion is again partitioned 
between strike-slip and reverse faulting, but here with 
strike-slip faulting in Marlborough and reverse faulting in 
Buller; an opposite polarity to that observed in north-east 
Marlborough. The rate of shortening required to achieve 
this partitioning is small. If we take the 18" discrepancy 
between the plate-motion direction and the average 
direction of slip on the strike-slip faults, the necessary rate 
of shortening in the Buller region perpendicular to the 
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41‘ 

42 

4: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 11. Subcrustal (depth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 50 km) seismicity of the northern South Island recorded by the New Zealand national network from January 
1990-May 1992 (magnitude >2.0). Cross-section lines indicate profiles shown in Fig. 12. Heavy dashed line delimits the two different segments 
of the Benioff Zone. If extrapolated towards the south-east, this line also coincides with a marked change in strike of faults in the Marlborough 
Fault System that appears to delimit two separate regions whose style of deformation (e.g. partitioning) vary. These regions, north-east and 
south-west Marlborough, are discussed in the text. Locations of earthquakes considered in this paper are marked stars. The 2000111 isobath 
approximates the continental margin. 

strike-slip faults would be only 12 mm yr-l (40 mm yr-’ x 
sin 18’) whereas the rate of strike-slip faulting in 
Marlborough would be 38 mm yr-’. This relatively low rate 
of shortening in the Buller region would require a moment 
release rate of about 5.0 X 10” Nm yr-l in a zone 100 km 
long and lOkm thick if it were all accommodated 
seismically: in other words, an earthquake of the 1968 
Inangahua zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(D) size about every 100yr, or one of the 1929 
Murchison size about every 1OOOyr. The time interval over 
which quantitative seismological observations are available 

20-25 mm yr-I), and can probably account for most of the 
expected plate motion (Berryman et al. 1993; Lamb & 
Bibby 1989; van Dissen & Yeats 1991). We expect that the 
greater seismic activity of the Buller region this century is an 
anomaly related to the short-observation period, and that 
larger though relatively infrequent earthquakes occur on the 
Marlborough Fault System. 

Partitioning of strike-slip and reverse faulting 

is too short to have confidence in using seismic moment If partitioning of strike-slip and reverse faulting occurs in 
release rates to estimate the absolute rates of seismic the manner suggested above, it has some peculiarities. First, 
shortening and strike-slip motion for the Buller and the slip vectors on the reverse and strike-slip faults are not 
Marlborough regions. However, it is clear from geological orthogonal. In several continental regions where partition- 
observations in the Marlborough region, that the slip rates ing is thought to occur, the two sets of slip vectors are 
on the main faults of the Marlborough system (the Clarence, approximately orthogonal (e.g. Mount & Suppe 1987; Abers 
Hope and Awatere faults) are relatively high (up to & McCaffrey 1988; Jackson & Molnar 1990; Jackson 1992). 
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Figure 12. Cross-sections of subcrustal seismicity shown in Fig. 11. The projection width for cross-section AA' is 100 km and is 34 km for BB', 
CC', DD', thus including all events whose epicentres occur on Fig. 11. Section AA' shows that the deepest events occur in the north and there 
is a sharp truncation of the deepest seismicity. Comparison of sections BB' and CC' shows that the Benioff Zone has a similar dip in both to 
depths of about 100 km, but below this, they are dramatically different in that the northern section (BB') has a very steeply dipping extension 
to depths of about 250 km, but the southern section (CC') appears to terminate abruptly. 
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However, there is no particular reason why they should be 
orthogonal, and there are exceptions, even in island arcs 
(e.g. Ekstrom zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Engdahl 1989). McCaffrey (1992) discusses 
the nature of partitioning in island arcs, where the strike slip 
and thrust faults are often parallel to each other and to the 
trench. In the northern part of the South Island of New 
Zealand, the strike-slip faults of Marlborough are not 
parallel to the reverse faults in Buller. We suspect this is 
because the Buller faults are reactivated normal faults of 
pre-Oligocene age (Nathan ef  al. 1986). Secondly, in most 
other partitioned systems, the thrust faulting is trenchward 
of the strike-slip faulting, in contrast to that observed here. 
We believe that the switch in the polarity of the partitioning 
is due to subduction being impeded in southern Marlbor- 
ough, because of the presence of the relatively buoyant 
Chatham Rise. In the southern region the shortening across 
the margin is accommodated by reactivating normal faults of 
pre-Oligocene age in the Buller region as reverse structures 
(Gage 1952; Nathan ef  al. 1986). Crustal shortening of 
25 km across the 100 km wide zone has been determined 
from the average height of the Nelson tectonic zone (taken 
to represent the uplift) by Walcott (1978). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Consequences of a partitioning model 

Since the Marlborough strike-slip system is south-east of the 
crustal shortening occurring in Buller, these faults must be 
transported north-westwards relative to the Alpine Fault 
further to the SW. This process could have formed the bend 
in the Alpine Fault, whose present amplitude of about 
15 km could grow in just 1.3 Myr if the rate of shortening in 
Buller is 12 mm yr-'. This geometry, which was recognized 
by Walcott (1978), resembles that in eastern Turkey and the 
Caucasus in western Asia (Jackson 1992). 

A possible geological evolution is illustrated schematically 
in Fig. 13. Suppose that the Alpine Fault, when it initially 
formed, accommodated all the plate motion. Since the 
inception of the Alpine Fault as a transform structure, 
the pole of rotation describing the relative motion of the 
Australian and Pacific plates has shifted south (Walcott 1978; 
Stock & Molnar 1982) and the component of convergence 
has increased. This convergence could not be taken up near 
the margin because of the presence of buoyant material of 
the Chatham Rise. However, the pre-existing normal faults 
in the Buller region could be reactivated as reverse faults to 
accommodate the increasing compressional component, 
leaving the strike-slip component to be taken up on the 
Alpine Fault, which then began to migrate NW, forming the 
bend. As the strike-slip faults are transported NW they 
become less active as strike-slip motion is transferred to 
newer faults forming to the south-east, in an attempt to 
keep the Alpine Fault in the central south Island as a 
through-going structure. This evolution would leave the 
Alpine Fault in this region with a lower slip rate than further 
south in its central section, because it is no longer the 
dominant active fault. 

This hypothesis is consistent with the different observed 
slip rates of 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 10 mm yr-' on the central and southern 
sections of the Alpine Fault compared with 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 2 mm yr-' 
in the area close to the Big Bend (Berryman et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaf. 1994). It 
also accounts for the Quaternary slip rate on the Wairau 
fault (the continuation of the Alpine Fault NE of the bend) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

shortening begins in Buller on 
reactivated normal faults 

(b) plate motion 
changes 

this branch of AlDine Fault 
less active 

new faults form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(c) forms bend 

of rainfallferosionluplift 
balance (Koons,1990) 

Figure 13. Sketch map showing proposed evolution of fault systems 
in the northern South Island. 

being lower than that of most of the Marlborough faults to 
the SE and only about 25 per cent of that on the Hope Fault 
(van Dissen & Yeats 1991). 

Geological, geodetic and palaeomagnetic aspects of the 
deformation in Marlborough are discussed in detail by Lamb 
(1988, 1989) and Lamb & Bibby (1989). Our suggestions are 
not in conflict with the kinematic models they propose, but 
modify them, in that the entire Marlborough system must be 
migrating NW relative to the central Alpine Fault and 
Australian plate. 

The role of subduction 

Earlier in this section we discussed the structure of the 
subduction zone (Figs 11 and 12). It is clear that a 
discontinuity in the zone of subcrustal earthquakes is 
associated with the change in strike of the Marlborough 
faults, the change in polarity of the partitioning of the 
strain, and the shallowing of the Hikurangi Trough to less 
than 2000 m, which marks the beginning of the transition to 
continent-continent collision in the South Island. How are 
these observations related? 

First, we do not believe that the width or nature of the 
deformation in the south-west Marlborough region is 
directly controlled by tractions on the (shallow dipping) 
plate interface. In the Buller region the plate interface is 
about 100km deep. Thus, the stresses driving the 
deformation in that region must be transmitted through 
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the lithosphere from the plate boundary, not from the 
subducted slab 1OOkm below. Secondly, we do not think 
that the different slab lengths below the two Marlborough 
regions have been caused by different rates of subduction. 
The required lateral offset in the subducted plate of 150 km 
would have more pronounced effects at the surface than just 
a minor deflection of the Marlborough faults. Instead, we 
suggest that the different slab lengths were original, and 
reflect the geometry of the margin when subduction initiated 
(Fig. 12). This is essentially the model of Lamb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Bibby 
(1989), which requires a large rotation of the northern 
margin from the early Miocene that was caused by the 
arrival of the continental rocks of the Chatham Rise 
(Walcott 1978). The existence of a slab under south-west 
Marlborough, which was assumed to be aseismic because its 
structure could not be resolved with the available 
seismological data was predicted by Lamb & Bibby (1989). 
As we have already discussed, the lengths are the only 
resolvable difference in the two parts of the slab. 

Thus it is the transition from oceanic to continental crust 
that is important, together with the presence of the Buller 
basins whose associated normal faults were favourably 
oriented from a kinematic viewpoint, to be reactivated as 
reverse structures. These two factors have caused the 
different style of partitioning in south-west Marlborough. 

The Alpine Fault and Fiordland 

The two well-constrained focal mechanisms in northern 
Fiordland (G, L )  are compatible with oblique right-lateral 
strike-slip and reverse motion on the Alpine Fault, with slip 
vectors that are not resolvably different from the expected 
plate motion. Geological observations suggest that most of 
the plate motion is probably accommodated on or near the 
Alpine Fault in this region (Norris et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1990). Although 
active faulting certainly extends 200 km farther SE into 
central and coastal Otago, (e.g. Berryman & Beanland 
1991; Yeats 1987; Beanland & Berryman 1989) these faults 
probably account for much less of the present-day motion 
than does the faulting along the west coast. Thus, although 
the deformation at this latitude is distributed, most of the 
motion is concentrated in a narrow zone along the west 
coast. It is therefore not surprising that the earthquakes 
show the oblique convergent mechanisms with slip vectors 
close to the plate-motion direction. This is an important 
contrast with the northern South Island, where the faulting 
is genuinely distributed over many comparably active faults 
that extend over a region around 200 km in width. In 
continental collision zones elsewhere in the world, 
shortening is nearly always distributed over wide regions 
(e.g. Molnar & Tapponnier 1975; Jackson & McKenzie 
1984), and this is now understood as a natural consequence 
of the buoyancy forces that arise from crustal thickening, 
which make the deformation migrate away from the high 
ground as plateaus and mountains grow (e.g. Houseman & 
England 1986). It is thus the localized deformation on the 
central and SW coast of the South Island that is unusual in 
this respect. We suspect that the reason for the contrast 
between this region and the northern South Island is that 
suggested by A d a m  (1980) and further developed by Koons 
(1989,1990), namely that the high rainfall on the west and 

south-west coast allows erosion to remove material as the 
crust is thickened, thereby preventing the buoyancy forces 
from distributing the deformation, whereas the lower 
rainfall and erosion in the NE has allowed the deformation 
to become distributed in a more typical fashion. 

Puysegur region 

The Resolution Ridge earthquake ( J )  remains a mystery; it 
lies to the west of the seismicity accompanying the Puysegur 
subduction zone, and its slip vector is significantly rotated 
from the plate-motion direction. 

The tectonic setting of Resolution Ridge is unclear. The 
Puysegur event (H) that occurred less than 100 km to the 
south-east of it was related to thrusting in the Puysegur 
Trench. It is possible that Resolution Ridge is a segment of 
the Macquarie Ridge Complex, which is made up of a series 
of isolated ridges and trenches (Anderson 1990). However, 
gravity data show that Resolution Ridge appears to be the 
northern end of a more elongate ridge system that trends 
towards the southwest (Davy 1989). The Resolution Ridge 
earthquake may therefore represent obduction of this ridge 
as it encounters the New Zealand continental shelf and the 
active plate boundary. An analogy for such a tectonic setting 
is the Gorringe Ridge, which is a block of oceanic crust and 
upper mantle that rises almost 4000 m from the deep 
sea-floor in the plate boundary zone between Africa and 
Eurasia (Souriac 1984). Several reverse-faulting earthquakes 
have occurred beneath that ridge with centroid depths up to 
SO km (Fukao 1973; Grimison & Chen 1986), although the 
largest recent event (Ms7.9) has been shown to be a 
multiple event with both centroid depths at about 30km 
(Grimison & Chen 1988). The reverse-faulting mechanisms 
suggest that the Gorringe Ridge is actively obducting. Both 
Gorringe and Resolution ridges are in comparable 
plate-boundary settings and both have relatively deep 
reverse-faulting events associated with them. 

Another possible explanation for the Resolution Ridge 
earthquake is that it is related to the bending of the 
Australian plate as it enters the Puysegur subduction 
system. Outer rise extension earthquakes occur at relatively 
shallow depths (<25 km, Forsyth 1982) whereas deeper 
events are expected to have thrusting mechanisms. The 
Resolution Ridge earthquake, with a centroid depth of 
27 km (-12/+8 km) could represent a deeper bending 
earthquake. 

The two most southern events in our study are close 
together but have pure strike-slip and pure dip-slip 
mechanisms. The 1979 Puysegur (H) earthquake represents 
active subduction on an east-dipping thrust. The 1968 
Solander (E) earthquake is a strike-slip event that probably 
occurred on the off-shore extension of the Fiordland 
Boundary Fault Zone, which is imaged on seismic sections as 
an active feature that offsets the sea-floor (Grant 1985). If 
this fault is active in its onshore extension as a dextral 
strike-slip fault, then it may help in explaining the rapid 
uplift of the Fiordland region (between 1.1 and 5.4 mm yr-' 
in southern Fiordland; Ward 1988; Bishop 1985, 1991). If 
the Fiordland Boundary Fault Zone has been active as a 
significant dextral strike-slip fault then it has probably 
overlapped the southern extension of the Alpine Fault and 
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thus formed a compressional step-over in a dextral strike 
system; a geometry that results in uplift of the intervening 
crustal block. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Normal faulting on the Chatham Rise 

The 1965 Chatham Rise earthquake (B) is an important 
event because it demonstrates that normal faulting is 
occurring at the southern limit of the Hikurangi trench. The 
explanation for a normal-faulting earthquake in this tectonic 
setting could be that the event represents bending of the 
downgoing slab (Christensen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Ruff 1983) but the 
recognition of active normal faults on the north flank of the 
Chartham Rise that have the same strike and dip direction 
as the south-dipping nodal plane (Barnes 1991) suggests that 
the extension in this region has occurred on reactivated 
faults. These faults are at a high angle to the Hikurangi 
margin and the Marlborough Fault System, which suggests 
that they are not directly related to plate bending. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A possible explanation for the occurrence of normal 
faulting in this region is that it is a consequence of a minor 
amount of buckling at the northern end of the southern 

Marlborough strike-slip system. A tentative model for the 
kinematics of such an interaction is shown in Fig. 14. As 
buckling occurs in the region where the Marlborough faults 
change strike, the continental crust of the Chatham Rise is 
rotated clockwise and faults in that region would show 
normal-faulting movement with a small component of 
left-lateral strike-slip as in the Chatham Rise earthquake 
(B); a model analogous with the normal faulting in the 
Aegean Sea (Taymaz, Jackson & McKenzie 1991). In this 
model the strike-slip faults in south-west Marlborough take 
up most of the plate motion, the reverse faults in the 
Buller-Nelson region take up nearly all the rest and the 
normal faulting and buckling on the Chatham Rise are 
probably of only minor significance. In essence, the normal 
faulting represents slivers of the Chatham Rise being spalled 
off as the Chatham Rise slides past southern Marlborough. 

CONCLUSIONS 

The focal mechanisms of 15 large earthquakes in the South 
Island region show differing modes of accommodating the 
Australian-Pacific plate motion. In the northern South 

normal faulting with 
sinistral strike slip zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 5 0  km 

Figure 14. Sketch of a simple model for the Marlborough Fault System-Chatham Rise that illustrates how east-west shortening may be 
achieved by buckling. This model involves two sets of slats that are in relative motion and can easily be constructed from cardboard. Solid 
circles are pivots (screws) attached to the rigid (non-deforming) blocks to either side. The open circles are screws joining two slats, but which 
are otherwise free to move. The configuration in (a) moves to (b) following a clockwise rotation of the left-hand margin (south-west 
Marlborough) which represents a distributed right-lateral shear of the SW Marlborough Fault System. In this illustration, the right-hand pivots 
(attached to the Chatham Rise) do not rotate. The stippled region in (b) represents new surface area created by extension. The model should 
not be taken literally: it is designed to show oblique left-lateral and normal faulting that dies out eastwards. The Chatham Rise rotates 
clockwise and so can contribute in a minor way to the E-W shortening. A similar model to explain the way in which the Marlborough faults 
move was proposed by Merzer & Freund (1974) although our model expands their concepts to include normal faulting in the Chatham Rise. 
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Chatham Rise with the faults of the Marlborough Fault 
System. 

Island the deformation is partitioned and distributed over a 
region up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA200 km wide, whereas in the southern South 
Island the largest earthquakes are confined to a narrower 
zone in which the motion is compatible with that predicted 
for the plate motion. 

In the northern South Island there are two distinct 
seismotectonic provinces; in north-east Marlborough geode- 
tic data and geological mapping (Lamb 1988, 1989; Lamb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 
Bibby 1989) suggests that deformation is partitioned into 
onshore strike-slip and offshore reverse faulting. Our only 
focal mechanism that occurs within this province indicates 
oblique-slip faulting which is compatible with the plate- 
motion direction. A line which marks the southern 
boundary of this region coincides with the change in strike 
of the Marlborough faults and also appears to be related to 
a change in the original geometry of the subducting plate as 
it is now manifest in the Benioff zone. 

In the south-west Marlborough-Buller region the focal 
mechanisms fall into two distinct groups with almost pure 
dip-slip reverse mechanism occuring in the Buller region, 
and dominantly strike-slip mechanisms in the Marlborough 
Fault System. We suggest that this partitioning of 
deformation has resulted from a changed plate-motion 
direction which required a component of shortening to be 
accommodated. This shortening could not be taken up in 
the offshore (eastern) region because of the presence of the 
relatively buoyant Chatham Rise, but was taken up in the 
Buller region on pre-existing normal faults that were 
reactivated as reverse faults in the Late Oligocene-Early 
Miocene. Accommodation of the convergence in the Buller 
region resulted in the north-westwards deflection of the 
Alpine Fault in this region. New strike-slip faults developed 
in the Marlborough Fault System, possibly in an attempt to 
keep the Alpine Fault as a through-going feature. In the 
central South Island one strike-slip earthquake that lies to 
the east of the Alpine Fault probably represents movement 
on the southernmost fault of the Marlborough Fault System. 

At the southern end of the Alpine Fault deformation 
occurs as oblique-slip faulting within a relatively narrow 
zone that probably marks the transition of the major 
strike-slip fault to a shallower dipping structure delimiting 
the subduction of the Australian plate beneath the Pacific 
plate. The continuation of this subduction to the south is 
marked by the 1979 Puysegur earthquake that had a 
dominantly reverse-faulting mechanism. Two unexpected 
focal mechanisms occurred in this southern offshore region; 
the first was a relatively deep (27 km) event to the west of 
the Puysegur subduction system. This earthquake occurred 
near Resolution Ridge and its mechanism suggests that the 
ridge is obducting as it encounters the Puysegur-Fiordland 
subduction zone. The other unusual mechanism was a 
strike-slip event that probably occurred on the offshore 
extension of a major recently active strike-slip fault. This 
earthquake may be indicative of other large events on this 
dextral strike-slip fault whose overlapping geometry with the 
southern continuation of the Alpine Fault may be an 
explanation for the high uplift rates of the Fiordland block. 

The only normal faulting event that we determined 
occurred beneath the northern edge of the Chatham rise in 
an area where active normal faults have been identified from 
shallow seismic data. We suggest that the normal faulting in 
this region results from a complex interaction of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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