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Abstract. The Alpine fault is the Pacific-Australian plate boundary in the South Island of New 
Zealand. This study analyzes 195 earthquakes recorded during the 6 month duration of the Southern 
Alps Passive Seismic Experiment (SAPSE) in 1995/1996 and two Mr. 5.0 earthquakes and 
aftershocks in 1997, which occurred close to the central part of the Alpine fault. Precise earthquake 
locations are derived by simultaneous inversion for hypocenter parameters, a one-dimensional 
velocity model, and station corrections. Together with focal mechanisms calculated using a first 
motion and amplitude ratio method, these results provide a picture of the seismotectonics in the 
central South Island over a 6 month period. Moment tensor inversions of three earthquakes provide 
an independent means of comparison to the focal mechanisms derived using the amplitude/first 
motion method. To validate our observations over time, we compare the SAPSE seismicity with the 
seismicity recorded by the New Zealand National Seismic Network (NZNSN) and a local network 
at Lake Pukaki east of the Southern Alps (6 months versus 8 years). Our study indicates that the 
Alpine fault releases elastic strain seismically from the surface down to 10-12 km depth between 
Milford Sound in the south and the Hope fault in the north. The seismicity rate of the Alpine fault is 
low but comparable to locked sections of the San Andreas fault, with large earthquakes expected. 
Seismicity decreases north of Bruce Bay at the Alpine fault and within a triangular region along the 
Alpine fault located between the Hope and Porters Pass fault zones. We interpret this as the result 
of deformation distributed on the Alpine fault and the Hope and Porters Pass fault zones. The base 
of the seismogenic zone is fairly uniform at 12 km _+ 2km over large parts of the South Island. The 
high Alps region has a shallower base of the seismogenic zone, indicating localized elevated 
temperatures east of the Alpine fault. Most of the study region deforms under a uniform stress field 
with a maximum principal horizontal shortening direction of 110ø-120 ø, similar to geodetic 
observations and plate motions. This confirms that the region is not undergoing strain partitioning. 
The earthquake data show that the deformation away from the Alpine fault is distributed on mainly 
NNE trending thrust faults and strike-slip transfer faults with a maximum seismogenic depth of 
12km. 

1. Introduction 

The central South Island of New Zealand is a 

continent/continent collision zone, where a large part of the 
transpressional plate motion between the Australian and Pacific 
plates is accommodated by the Alpine fault (Figure 1). The 
tectonic models for this region predict oblique motion on the 
Alpine fault, high heat flow east of the Alpine fault, and 
distributed deformation in the adjacent crust. The study of 
earthquake depths and focal mechanisms provide important 
constraints for the thermal structure and the seismotectonic 
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behavior of this region. Prior to this study, earthquake depth and 
focal mechanisms were only available in localized regions or for 
a few events and are not resolved by the permanent national 
seismic network. The spatial resolution of the new earthquake 
data is better than observed prior but is limited by an average 
station spacing of 30-50 km and a 6 month operation time. 

In this paper, new precise earthquake locations and focal 
mechanisms throughout the central South Island are determined 
and interpreted together with results from existing earthquake 
studies, from thermal and strain models across the plate 
boundary, and from new results of a comprehensive 
multigeophysical investigation along two transects. Our data 
confirm that the Alpine fault is capable of producing large 
earthquakes and indicate a uniform base of the seismogenic zone 
of 12 km in large parts of the South Island. The Porters Pass fault 
zone and its southwest extension towards the Alpine fault is 
seismically active, hence suggesting that the Marlborough fault 
zone is propagating southward. 

2!93 
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Figure 1. Earthquakes and focal mechanisms derived from body waveform modeling plotted in lower hemisphere 
projection [Anderson et aL, 1993; Doser et al., 1999] (see also Harvard centtold moment tensor (CMT) catalog at 
http://www.seismology.harvard.edu) for M,, > 5.4 in the South Island. Shaded circles are earthquakes with ML > 5 
recorded since 1920. Thin lines show rivers and lakes; thick lines show mapped active faults. Dashed line outlines 
the study region. Inset shows 1000 m bathymetry contours delineating the continental plateaus converging 
obliquely along the Australian and Pacific plate boundary. Arrow gives the direction of relative plate motion 
between the plates calculated with the Nuvel 1A rotation pole [DeMets et al., 1994]. The solid box is the map 
region shown in the enlargement. HF is Hope fault. 

2. Background 

2.1. Seismicity 

Seismicity in the region is moderate, and large events have 
occurred mainly in the regions adjacent to the subduction zones 
to the north and south (referred to in this paper as transition 
zones), where focal mechanisms derived from teleseismic body 
waveform modeling [Anderson et aL, 1993; Doser et al., 1999] 
are available (Figure 1). Earthquake depths and mechanisms in 
the central part of the South Island were only available from 
microseismicity studies near Lake Pukaki tReynets, 1988] and 
along parts of the Alpine fault [Scholz et aL, 1974] and are 
poorly constrained by the New Zealand National Seismic 
Network (NZNSN) owing to the sparse station distribution and 
low magnitudes of earthquakes [Anderson and •Vebb, 1994; 
Eberhart-Phillips, 199.5]. Seismicity in the central South Island is 
confined to the crust [Allis and Shi, 1995; Reyners, 1988; 

Reyners et al., 1983' Rynn and Schoh, 1978; Scholz et al., 1974], 
with the exception of a small number of 50-100 km deep 
earthquakes beneath the Southern Alps [Reyners, 1987]. Here 
earthquakes outline a westward dipping seismic zone in the upper 
mantle, parallel in strike to the observed Bouguer gravity low 
oriented 17 ø counterclockwise to the strike of the Alpine fault 
(Figure 2). Our new data set defines the depth of the base of the 
seismogenic zone throughout the central South Island and 
provides precise locations and focal mechanisms for tectonic and 
stress analysis. 

2.2. Alpine Fault 

The Alpine fault marks the plate boundary between the 
Australian and Pacific plates, which are converging obliquely at 
a rate of--36 mm/yr parallel and 10 mm/yr normal to the fault 
(37 mm/yr relative plate motion at 43.5ø,170 0 ø, calculated with 
Nuvel IA rotation pole [DeMets et al., 1994]). The Alpine fault 
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Figure 2. Overview of geology and geologic site locations. Schist is marked in gay, higher •ade near the Alpine 
fault. Dark gray also includes uplifted igneous rocks in the Fiordland and Buller regions. Graywacke is the white 
region bordered by the Alpine fault to the west, schist to the southwest, and Canterbury Plain to the aoutheast. 
Bathymctry contours shown every I0{10 m. Bouguer gravity lows are marked by the dashed lines and are the-50 
and-70 mGal contours. Circles mark sites mentioned in text with known uplift rates in mm/yr gixen inside the 
symbols (R. Norris, personal communication, 1998). Paleoseismic evidence shows single earthquake slips of 4-6 m 
aiong dashed region of Alpine fault. HF, Hope fault; PPFZ, Porters Pass fault zone; MFZ, Marlborough fault zone' 
BR, Buller region. Plate motion vectors in mm/year are calculated with the NUVEL I A rotation pole [DeMets et 
al., 1994]. 

connects the subduction zones to the north and south, which have 

opposite-facing convergence directions (inset Figure 1). From 
Jackson Bay to the Hope fault intersection the plate boundary is a 
continent/continent collision zone with the Challenger plateau to 
the west and the Chatham Rise to the east (Figure 2). The Alpine 
fault accommodates half to three quarters of the relative plate 
motion [Norris and Cooper, 1995: Bearart et al., 1999]. 

The Alpine fault changes in character along strike (Figure 2). 
From Milford Sound to the Cascade River, the Alpine fault is a 
steeply dipping strike slip fault with very little dip slip 
component [Hull and Bero'man, 1986; Sutherland and Norris, 
1995]. The thrust component in this region is accommodated by 
offshore structures and by a wide zone of crustal deformation 
extending east into central Otago [Norris et al., 1990]. Farther 
north it is a moderately eastward dipping oblique thrust fault 
[Berr)wzan et al., 1992; Norris and Cooper, 1995] with highest 
relative uplift rates at Paringa River [Simp, on etaL, 1993] and 
between Fox Glacier and Hare Mare River [Cooper and Norris, 
1994; Wellman, 1979]. 

The region with highest uplift rates is connected •,•.ith a high 
thermal gradient [Allis and Shi, 1995; Koons, 1987a; Shi et al., 
1996]. Thermal modeling [Allis' and Shi, 1995; Bart and Braun, 
1999; Shi et al., 1996], data from fluid inclusion studies [Craw, 
1988; Craw et al., 1994; Holm et al., 1989; JenAins et al., 1994], 
zircon reset ages [Tippett and Kamp, 1993] and heat flow 
measurements (R.H. Funnell and R.G. Allis, Thermal regime of 
the southeast South Island, New Zealand, submitted to New 

Zealand Journal of Geology and Geophysics, 2000) (hereinafter 
referred to as Funnell and Allis, submitted manuscript, 2000) all 
indicate •levated temperatures and predict a thermally weakened 
crust close to the Alpine fault. Allis and Shi [ 1995] point out that 
thermal models predict elevated temperatures near the surface, 
but temperatures below 20 km should be depressed as a result of 
the building of a crustal root beneath the Southern Alps. The 
estimated brittle-ductile transition /one range• from 4 to 12 km 
based on different models. This study provides important nee, 
constraints for the brittle-ductile transition zone from precise 
determination of earthquake depths. 
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Paleoseismic evidence along the 600 km long Alpine fault 
suggests that it has ruptured in large earthquakes (M > 7.5) with 
recurrence intervals of-200-300 years [Bull and Brandon, 1998; 
Norris and Cooper, 1998; Yetton and Wells, 1998]. The most 
recent event is dated at -1720 [Norris and Cooper, 1998; Wright 
et al., 1998; Yetton and Wells, 1998]. Paleoseismic recurrence 
intervals are shorter in the northern part of the Alpine fault 
(dashed region of Alpine fault in Figure 2) with a slip of 4-5 m 
per earthquake [Berryman et al., 1992; Wright et al., !998; 
Yetton and Wells, 1998]. Along the southern part of the Alpine 
fault, single-event offsets are 8-12 m [Berryman et al., 1992; 
Cooper and Norris, 1990]. The fact that earthquakes in the 
northern part of the Alpine fault occur more frequently with 
smaller single-event slip offsets compared to the southern section 
is possibly related to the Marlborough fault system. Or it may be 
caused by a possibly thermally weakened central section of the 
Alpine fault, which could form a barrier to southward 
propagating earthquakes. This paper investigates if the 
differences in earthquake frequency observed along the Alpine 
fault are associated with differences in the regional seismic 
activity and the depth of seismicity. 

The Alpine fault north of Jackson Bay does not partition strain 
as occurs along the San Andreas fault [Stein and Yeats, 1989; 
Yeats and Berryman, 1987], but instead, it accommodates both 
thrust and strike-slip components of the relative plate motion 
along a single fault [Berryman et al., 1992; Cooper and Norris, 
1994; Norris et al., 1990; Simpson et al., 1994]. GPS 
observations along two transects near Haast [Pearson et al., 
2000] and Fox Glacier [Beavan et al., 1999] confirm 
accumulation of oblique plate motion at the Alpine fault. The 
geodetic data show that between 50% and 70% of the relative 
plate motion between the Australian and Pacific plates is 
modeled as stable slip on the Alpine fault below 5-8 km near Fox 
Glacier [Bearart et al., 1999] and 10 km near Haast [Pearson et 
al., 2000]. A further 10-30% of the relative plate motion is 
inferred to be accommodated east of the Alpine fault [Beavan et 
al., 1999, Pearson et al., 2000]. 

2.3. Transition Zones 

At the northern end of the South Island the transition from 
transpression on the Alpine fault to westward subduction of the 
Pacific plate beneath the Australian plate has generated a broad 
zone of active deformation [Berryman et al., 1992; Lamb and 
Bibby, 1989; Walcott, 1978]. Northwest of the Alpine fault some 
shortening is accommodated on reverse faults in the Buller 
region [Anderson and Webb, 1994; Rattenbury, 1986]. In the 
northeast the Marlborough fault system, a region 100 km wide 
and 300 km long with four major subparallel active dextral 
strike-slip faults, transfers deformation from the Hikurangi 
margin subduction zone to the Alpine fault [Bibby et al., !986; 
Van Dissen and Yeats, 1991]. The most active fault of the 
Marlborough system at present is the Hope fault, which joints the 
Alpine fault near Arthur's Pass [Beavan et al., 1994; Bourne et 
al., 1998a, 1998b; Holt and Haines, 1995; Pearson et al., 1995]. 
Several large earthquakes have occurred on and near the Hope 
fault since 1881 (see summary by Gledhill et al., [2000]). The 
1994 M•, 6.7 Arthur's Pass [Abercrombie et al., 2000; Arnadottir 
et al., 1995; Robinson and McGinty, 2000;Robinson et al., 1994] 
and 1995 M,• 6.2 Cass [Gledhill et al., 2000] earthquakes 
occurred south of the Hope fault and had a large component of 
reverse slip in this predominantly strike-slip zone, suggesting 
complex, diffuse deformation and possible block rotation to 

accommodate the local stress field at the junction of the Hope 
and Alpine fault systems [Robinson and McGinty, 2000; Walcott, 
1998]. Southeast of the Hope fault the incipient Porters Pass fault 
zone [Cowan et al., 1996] marks the southeastern limit of the 
Marlborough fault system [Carter and Carter, 1982; Herzer and 
Bradshaw, 1985; Rynn and Scholz, 1978] and possibly joins the 
Alpine fault near Fox Glacier [Cox and Findlay, 1995]. 

At the southern end of the South Island the change from 
transform to subduction occurs between Fiordland and the 
Puysegur trench. The Alpine fault continues offshore at Milford 
Sound and follows the continental margin. The northeastward 
subducted slab related to the Puysegur subduction zone reaches 
as far north as Milford Sound. Here the slab is almost vertical at 

depths > 40 km. Crustal seismicity is diffuse in this region 
[Anderson and Webb, 1994; Eberhan-Phillips, 1995; Moore, 
1999], and crustal shortening extends eastward to central Otago 
[Yeats, 1987]. 

3. Earthquake Data and Locations 

We use four different complementary data sets to evaluate the 
seismicity in the central South Island (Figure 3). The Southern 
Alps Passive Seismic Experiment (SAPSE) gives unprecedented 
high-quality earthquake locations and focal mechanisms 
throughout the central South Island. The NZNSN and Lake 
Pukaki network data provide insight into the long-term seismicity 
(8 years versus 6 months for SAPSE). The September 1997 
Mount Cook earthquakes and aftershocks, recorded by the 
NZNSN and a temporary aftershock deployment of three 
stations, outline the tectonics at the southern margin of the 
Marlborough fault system. The location techniques applied and 
errors of the final locations are data set-dependent and are 
outlined below. 

3.1. SouthernAlps Passive Seismic Experiment 
From November 1995 to April 1996, SAPSE operated 40 

temporary stations which were augmented by 15 permanent 
national seismic network stations, resulting in an average station 
distance of 30-50 km [Anderson et al., 1997]. The 14 temporary 
and 15 permanent short-period stations (EARSS recorder and 
1 Hz, 3 component, L4-C instruments [Gledhill and Chadwick, 
1991]) operated in trigger mode. The 26 temporary broadband 
stations were equipped with STS2 sensors (except two with 
CMG-3 instruments at stations Lake Moeraki (LAMA) and 
Gillespies Beach (GLAA) (Figure 3b)) and Reftek recording 
units and operated continuously. About 5491 earthquakes 
(Figure 3a) triggered two or more short-period stations and were 
routinely located with HYPOELLIPSE [Lahr, 1999]. 
Magnitudes given for all earthquakes in this study are derived 
from the short-period station recordings and are Richter 
magnitudes corrected for regionally observed characteristics in 
energy propagation in the same fashion as done routinely for the 
NZNSN [Haines, 1981]. The magnitude of the earthquakes 
recorded by SAPSE ranges from -2 to 4.2 M•:. 

Some 230 earthquakes were selected within a 150 km wide 
region near the Alpine fault in the central South Island of New 
Zealand (solid black box, Figure 3a). In this study, emphasis is 
given to the long-term regional seismicity; hence aftershocks of 
the Arthur's Pass and Cass earthquakes are excluded. Using the 
preliminary event origin time, all available broadband station 
data were extracted and combined with the short-period data to 
calculate earthquake locations using all available P and S 
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Figure 3. South Island seismicity and station distribution maps: (a) Station distribution of broadband and short- 
period instruments of the Southern Alps Passive Seismic Experiment in 1995/1996. During the 6 month 
deployment, 5491 earthquakes were recorded based on two or more triggers on the short period instruments. 
Shaded stars indicate the location of refraction shots, T1 is the location of the northern transect, and T2 is the 
location of the southern transect. White stars mark the location of the Arthur's Pass and Cass earthquakes. (b) 
Station corrections in seconds derived through simultaneous inversion of hypocenter locations and a one- 
dimensional velocity model are indicated by the shading of the symbols. (c) New Zealand National Seismic 
Network (NZNSN) (1990-1997) and (d) Lake Pukaki network seismicity. Network stations are indicated by 
squares. 

arrivals. The mean characteristics of the data used for the 

earthquake locations are azimuthal gap 133" (range 50ø-200"), 
number of picks 16 (range 8-30) and distance to the nearest 
station 24 km (0-50 km). Single-event locations improved 

significantly relative to the initial locations based on the short- 
period station recordings, especially when the azimuthal gap and 
distance to the nearest station decreased. 

We relocated 195 earthquakes by inverting simultaneously for 
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the hypocenter locations, a one-dimensional velocity profile and 
the station corrections using the code VELEST [Ellsworth. 1977; 
Kissling et al., 1994; Krodolfer, 1989; Roecker, 1981]. Events 
with at lea, eight phases and a RMS travel time misfit smaller 
than 0.8 s v, ere relocated. This technique improve•, the single- 
e,•ent location by absorbing local changes in the velocity through 
station correciions. Our data set has a spread of several hundred 
kilometers o`` er the central South Island, but velocities cast of the 

Alpine fault are fairly homogenous [Stern et al., 1997], and the 
calculated station corrections are stable and within reasonable 

bounds (Figure 3b). Nine well-recorded reft-action shots (Figure 
3a) in the study region are used in the inversion and prox ide test 
data to estimate the location error. We started the inversion using 
single exent location, and the velocit5 model of Eberhart- 
Phillips [1995]. Station ele``ations x•,ere set to the average station 
height; therefore station delay due to topography is included in 
our .,,tation corrections. 

We tested different damping x, alue.,, in the im, ersion. different 
weights for S picks and the influence of fixing the shots by 
comparing, the locations of the, best resol``ed earthquakes and 
shot, Pick qualitic• are qualitatively assigned b), analysts, using 
the range 0 to 4. v,,here 0 is ideal and 4 i•, not useable [Lahr, 
1999]. For the final in``'crsion we included only S and P picks of 
quality 2 and higher, used an S weighting of 0.8, fixed the shot 
locations, and damped the upper and lower layers of the velocity 
•x ith 0.1 versus 0.01 for the middle crustal la5 ers. RigiS reduction 
(-15%) is reached mainly by calculating station corrections, with 
minor changes of the ̀̀ elocity model. The only significant change 
between the starting and final ̀`elocity model i,a thicker upper 
crub and thinner lower crust (Figure 4). Our velocity in the upper 
crust is 0.0 km/s compared to 6.2 km/,[KltJ)Snann et al., 1998b] 
and 5.8-6.2 km/s [Holbrook et al., 1998] derived from travel time 
modeling along the two seismic transcots. 

Our station corrections are the sum of travel time differences 

due to velocity heterogeneitie,at the •ite and topob•aphy. The 
station corrections tFigure 3b) are nearly zero east of the Alpine 
fault in the general area of thick crust, as reflected by the extent 
of the Bouguer gravit3, low (Figure 2). Large positive alelass at 
the West Coast and within the Canterbury basin are cau.,,ed by 
thick sediment layers at the surface [KlefJbumn et al., 1998b; 
Stern et al., 1997]. 

The final earthquake locations and errors are plotted in Figure 
5. The location error for each earthquake was calculated by the 
tbllowing method. For each earthquake the maximum distance 
and depth difference to the final location between different 
inversion runs ,,,,as calculated. The depth error is defined a• haf 
the c.,lculated maximum depth difference. Twenty separate 
inversion run,testing different velocity modcls, S pick 
weighting, and damping values for the •,elocit5 layers and 
hypocenter parameters ``',ere performed. The resulting average 
location error in depth is 1.5 km. About 90• of the data have a 
depth error of< 3 km (for further details, see Leitner [1999]). 
The usefulness of this calculation was verified by calculating the 
relative errors for the shots, using runs without fixed shots. 

3.2. New Zealand National Seismic Network 

Seismicity recorded by the NZNSN over the period 1990- 
1997 provides long term seismicity of comparable magnitude to 
the SAI'SE data but with larger uncertainties of the hypocentcr 
parameters due to an average station distance of -100 km (Figure 
3c). Depths arc: only reliable when the nearest station is within 25 
km of the epicenter, which applies to only a small percentage of 

P wave velocity (km/s) 
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Figure 4. P •,½1ocity models discussed in text. Solid line shov, s 
P wave velocities derived by simultaneous inversion for the 
hypocenter parameters, station corrections, and the velocity 
model. Dotted line is the velocity model used to calculate the 
amplitude ratios and has low-velocity lavers at the surface. 
Dashed line is from Eberhar½-Phillips [1995] and was used as a 
starting model. Shaded linc is the velocity model at 45 km 
distance from the Alpine fault on transect 2 [Klef•nann e• ½1., 
1998b]. 

the data set. Of the 15,800 earthquakes recorded during this 8 
year period, over half are aftershocks of the 1994 M,•. 6.7 
Arthur's Pass earthquake [Robinson et al., 1994]. 

We improve the locations by relocating the earthquakes using 
the one dimensional velocity model and station corrections 
derived from the inversion of the SAPSE data. We thereby redo 
Eberhart-Phillips [1995] study and include the now available 
eight year data set. To compare the data to the SAPSE data, the 
following selection criteria were applied: RMS travel time misfit 

ß .• o < 0.8 s, at least eight phase data, azimuthal gap < _00, and a 
minimum distance of 50 km to the nearest station. There is a 

tradeoff between tightening the quality parameters and the spatial 
distribution of data coverage. We chose a data set that re,• eals the 
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Figure 5. (a) Histograms showing magnitude and depth of earthquakes recorded with SAPSE. Depth distribution is 
for earthquake depth < 30 kin, illustrating that most earthquakes occur at depths shallower than 12 km. (b) Location 
of SAPSE earthquakes relocated by Joint Hypocenter inversion using P and S wave picks of the short period and 
broadband stations. Nine shots, marked as triangles, were used to relocate and test the earthquake relocations. Size 
of circles marks the depth error (small is 0-2 km; medium is 2-3 km, large is 3-5 kin), and color indicates the depth 
range (white < 5 km; shaded 5-10 km, solid 10-15 km). Stars mark earthquakes deeper than 30 kin. Shaded 
ellipsoid marks region with a shallow seismogenic zone of 5 km depth. Shaded rectangle is region where seismicity 
located by the Pukaki network indicates a seismogenic depth of-8 km. Triangular region had almost no 
earthquakes during SAPSE, NZNSN, and Pukaki network operations (see Figure 11). Lines show position of cross 
sections in Figure 12. MS, Milford Sound; HF, Hope fault. 
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seismic patterns and has acceptable quality parameters. It is 
necessary to verify that seismic patterns are not caused by the 
selection criteria and are apparent in both the raw and selected 
data. Note that the offshore seismicity south of Bruce Bay is real 
and excluded by the selection criteria. 

3.3. Lake PukaM Network 

The Lake Pukaki network provides quality earthquake 
locations (Figure 3d) for the time between 1975 and 1983 
[Haines et al., 1979]. The network monitored the seismicity 
during impounding of Lake Pukaki during 1976-1979 [Reyners, 
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1988]. Owing to the dense station distribution near Lake Pukaki 
(-30 km average station distance), 2660 earthquakes were 
recorded, complete from about magnitude 1.8 upward, providing 
good depth resolution within 25 km of the nearest station. The 
errors in depth and hypocenter parameters are estimated to 3- 
5 km [Reyners, 1988]. The Lake Pukaki network complements 
the SAPSE data in a low-seismicity region and provides insight 
into the seismicity at a lower-magnitude threshold. The 
hypoeenter parameter errors are comparable to those of the 
SAPSE data but are dependent on the distance to the network 
stations. We selected earthquakes with RMS travel time < 0.8 s, 
at least eight arrival picks, and M•: > 1.8 (1260 earthquakes). 

3.4. The 1997 Mount Cook Earthquakes and Aftershocks 

The Mount Cook earthquake sequence occurred in September 
1997 and included two M• 5.0 main shocks followed by eight 
aftershocks. The first six earthquakes were recorded by the 
NZNSN, and the locations are not well constrained. A temporary 
network of three short-period EARSS stations was deployed on 
September 22, reoccupying the two SAPSE sites GLAA and 
Mount Cook (MTCA) and an additional new site at Fox Glacier 
(FOXA) (Figure 3b). This earthquake sequence is of special 
interest to us because it occurred near the Alpine fault, in a 
region of low seismic activity. Events recorded by the temporary 
stations have good quality locations and focal mechanisms. 

4. Focal Mechanisms 

Earthquakes used in-this study have magnitudes ranging from 
about Mt. 2 to 4.2. We applied a combined first motion and 
amplitude ratio technique to our data set [Robinson and Webb, 
1996]. This has the advantage of utilizing both types of 
information and is important because first motion or amplitude 
ratios alone do not constrain the mechanisms tightly. The 
amplitude ratio technique can be used at frequencies higher than 
1 Hz, where the energy is concentrated for earthquakes < Mr. 4. 

As an independent means of comparison, we calculated focal 
mechanisms by inverting the regional waveforms for the moment 
tensor. Three-component waveform modeling [Dreger and 
Helmberger, 1993; Fan and Wallace, 1991; Nabelek and Xia, 
1995; Ritsema and Lay, 1993] is performed at much lower 
frequencies (< 0.1 Hz), where the earth's structure can be 

satisfactorily approximated. In our data set the signal to noise 
ratio limits waveform modeling to earthquakes with magnitude 
M•, 3.9 (-4.1 Mr) and higher. The moment tensor solutions of the 
M,• 6.2 Cass earthquake, three of its largest aftershocks and one 
event of our data (Figure 6) set were calculated using the code of 
Nabetek and Xia [1995]. For three events both techniques yielded 
mechanisms, and their results can be compared. 

4.1. Amplitude Ratio and First Motion Method 

We apply a first motion and amplitude technique [Robinson 
and Webb, 1996], which searches for the double-couple 
mechanism which best fits all chosen amplitude ratios (amplitude 
ratio technique after Schwartz, [1995]) and satisfies the 
maximum possible number of first motion observations. This 
technique has provided excellent results with aftershock and 
temporary deployments of short period EARSS instruments 
[Gledhill et al., 2000; Reyners and McGinty, 1999; Reyners et 
al., 1997; Robinson et al., 1994]. The selected frequency band (1- 
4 Hz), maximum distance of calculated synthetics (75 kin), and 
use of all amplitude ratios has given good results throughout 
New Zealand [Gledhill et al., 2000; Reyners and McGinty, 1999; 
Reyners et al., 1997; Robinson et al., 1994] and were adapted for 
our study. The final hypocenter parameters and velocity model 
from the simultaneous hypocenter inversion are used in the 
calculation. Three low-velocity surface layers were added to 
simulate scattering and attenuation of seismic waves expected 
near the surface and to steepen the ray path [e.g., Abercrombie, 
1997]. Refracted arrivals from the lower crust arrive at distances 
of-150 km and can complicate the waveforms. Hence, we did 
not use stations at this distance range for amplitude or first 
motions calculations. 

All possible solutions fitting the maximum number of first 
motions are determined by stepping through strike, dip and rake 
in 7.5 ø increments (Figure 7, shaded P and T axes). Only clear 
first motions should be included since the best solution will try to 
satisfy all first motions. To determine the amplitude ratios, the 
envelopes of complete theoretical seismograms [Herrmann, 
1991 ] are calculated, and the maximum values within 1.5 s of the 
P and S arrivals are automatically picked and, if necessary, 
modified by hand (Figure 6a). The method searches for the focal 
mechanism which best fits all seven log amplitude ratios (PZ/SZ, 
PZ/SR, PZ/ST, PR/SR, PR/SZ, PR/ST, and SR/ST) of observed 

Figure 6. (a) Synthetic (dashed line) and observed (solid line) seismograms for Jan. 24.174426 (year, month, day, 
and time; read as January, 24, !996, 1744:26 UT). The full waveform inversion was performed in the 14-25s pass- 
band. Z, R and T are vertical, radial, and transverse component for each modeled station. Station name, azimuth and 
epicentral distance are listed to the left of the vertical trace. At the start of each trace, a 1.0 indicates that it was used 
in the inversion, and 0.0 means it was excluded. Beachbail on left shows best fitting solution derived by the 
waveform inversion and azimuthal distribution of the stations plotted. Seismogram amplitudes are normalized to 
100 km distance assuming cylindrical spreading. A strike slip solution is obtained which is similar to the best fitting 
mechanism derived by the first motion and amplitude ratio technique. (b) Synthetic (solid) and observed (shaded) 
seismograms for Jan. 24.174426. The amplitude ratio technique was performed in the !-4 Hz passband and 
obtained the best amplitude ratio fit mechanism shown at the top left. Z, R and T are vertical, radial, and transverse 
components of the stations. Plotted are the envelope functions of synthetic and observed data normalized by the 
maximum amplitude for each station. For this plot (not for the calculation of mechanism), synthetics are calculated 
to nearest 5 km which causes a slight offset between observed and synthetic seismograms for some stations. Station 
name, azimuth, and epicentral distance are at start of the Z component. A star marks stations that were used in the 
amplitude ratio technique. On the left-hand side the two outputs from the first motion amplitude ratio technique are, 
on top: P (pluses) and T (open circles) axes which fit all first motions shaded, and P and T (both crosses) axes 
which best fit the amplitude ratios (solid) and, on bottom, the focal mechanism that best fits first motion and 
amplitude ratios. The first motions are marked by circles, where solid is compressional and shaded indicates 
dilatational first motion. 
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Figure 7. Examples of first motion and amplitude ratio method for earthquakes with A-C quality. For each event 
the focal mechanism is shown in lower hemisphere projection. To the left, shaded P (pluses) and T (circles) axes of 
focal mechanisms satisfy the maximum number of first motions, and solid P and T axes of the focal mechanisms 
which best fit the amplitude ratios (RMS error > 2 standard deviations below the mean error) are shown in an equal 
area projection. To the right, P and T axes which satisfy amplitude and first motion criteria and first motions 
projected on best fitting mechanism are given, where solid circles represent compressional and shaded circles 
represent dilatational first motions. (a) A quality and (b) same earthquake as shown in Figure 7a but only three first 
motions and three amplitude ratios are used to constrain the solution. This shows that few observations can resolve 
the earthquake focal mechanisms. (c) B quality; (d) C quality, which have two clusters of P and T axes. 
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Table 1. Focal Mechanisms of A and B Quality Events 
Q Date, 

UT UT deg. deg. 
A Nov. 16, 1995 1250:29 -44.5465 168.7637 
B Nov. 18, 1995 2143:49 -44.5130 168.1897 
A Nov. 19, 1995 0202:5 2 -43.6075 170.625 2 
A Nov. 22, 1995 0111:48 -44.1705 168.7947 
A Nov. 22, 1995 1352:12 -44.1678 168.7972 
B Nov. 23, 1995 0427:43 -44.0917 168.8002 
B Dec. 04, 1995 1153:59 -43.9562 169.5728 
B Dec. 09, 1995 1433:22 -42.3015 171.5728 
A Dec. 09, 1995 2230:00 -43.4885 170.0057 
A Dec. 10, 1995 1723:57 -42.8205 171.8392 
A Dec. 11, 1995 1321:38 -42.8248 171.2878 
B Dec. 13, 1995 0910:16 -43.5910 170.3977 
A Dec. 17, 1995 1641:53 -43.5910 171.5255 
A Dec. 22, 1995 2015:07 -43.5975 170.3928 
B Dec. 28, I995 1040:58 -43.3002 170.7995 
B Dec. 28, 1995 1059:32 -43.2643 170.7837 
A Jan. 02, I996 1905:35 -42.9918 171.3697 
A Jan. 04, 1996 0942:41 -43.2580 170.8192 
B Jan. 04, 1996 1009:37 -44.3082 169.7152 
B Jan. 05, 1996 2335:36 -44.4020 169.5932 
A Jan. 06, 1996 2216:16 -43.7048 169.5855 
B Jan. 07, 1996 1340:14 -43.3230 171.5058 
A Jan. 13, 1996 2011:06 -44.1687 168.7993 
A Jan. 15, 1996 1353:09 -43.2253 170.8807 
A Jan. 24, 1996 1744:26 -44.0507 169.4927 
B Jan. 26, 1996 0609:19 -43.0120 171.2122 
A Jan. 28, 1996 0105:00 -44.5570 !68.2488 
A Jan. 30, 1996 0053:33 -43.4360 170.7607 
B Jan. 31, 1996 0210:14 -43.5950 170.2025 
B Feb. 09, 1996 1340:21 -44.5352 168.6242 
A Feb. 11, 1996 2340:27 -43.5590 170.6040 
A Feb. 20, 1996 0432:51 -43.3032 170.9513 
B Feb. 22, 1996 1242:01 -44.2507 168.5455 
B Feb. 23, !996 1020:38 -44.3507 168.1423 
A Feb. 26, 1996 1351:39 -43.1775 171.9818 
A Mar. 04, 1996 1006:42 -44.4453 168.5937 
B Mar. 04, 1996 1056:43 -44.5715 168.2017 
B Mar. 05, 1996 1950:22 -44.7658 168.7532 
A Mar. 09, 1996 0424:12 -43.4540 170.6782 
B Mar. 09, 1996 0633:53 -44.2260 169.0638 
A Mar. 12, 1996 1946:12 -44.2833 169.5417 
B Mar. 13, 1996 0714:40 -44.5897 168.2132 
B Mar. 16, 1996 0324:40 -44.5612 168.0440 
B Mar. 19, 1996 0959:02 -42.3092 171.5615 
A Mar. 19, 1996 1421:20 -44.5718 168.6262 
B Mar. 19, 1996 1641:20 -44.8130 168.6788 
B Mar. 19, 1996 1848:04 -44.1650 168.4535 
B Mar. 20, 1996 2107:47 -43.5285 170.1152 
A Mar. 28, 1996 1640:47 -43.6022 170.6530 
A Mar. 28, 1996 i703:09 -43.5990 170.6487 
A Mar. 30, 1996 0123:42 -43.5992 170.6373 
A Apr. 02, 1996 004i:26 -43.9458 169.0297 
A Apr. 06, 1996 1520:47 -43.2417 170.7450 
B Sep. 23, 1997 0210:14 -43.5950 170.2025 

....... Time, ' Latitude, Longitude, Strikel/Dipl/Rakel Strike2/Dip2/Rake2 Strike Dip Dip FMO/AR CC ML 
Error Error Error 

127/83/-30 222/60/189 15 7.5 
98/38/105 -101/54/79 15 7.5 

330/60/-23 72/71/212 7.5 15 
360/38/-15 102/81/234 7.5 15 
353/68/-38 99/56/208 15 15 
53/75/-143 311/54/341 7.5 7.5 
255/38/158 3/77/55 15 15 

353/45/-158 246/74/313 7.5 7.5 
263/53/128 31/51/52 7.5 15 
255/75/150 -7/61/17 7.5 7.5 
360/68/15 -6/76/15 7 7.5 15 

210/45/-120 69/52/297 7.5 7.5 
248/23/113 43/69/81 22.5 22.5 

218/38/-120 74/58/291 7.5 7.5 
8/68/-38 114/56/208 7.5 7.5 

83/83/I13 -170/24/19 7.5 7.5 
285/45/-13 5 160/60/305 30 30 

90/75/-143 349/54/341 7.5 7.5 
15/30/53 -124/67/I09 7.5 7.5 

345/38/53 -151/61/115 7.5 7.5 
98/60/-143 347/58/32 4 7.5 7.5 
98/53/-158 353/72/320 7.5 7.5 
360/30/-15 I03/83/241 7.5 15 
68/45/17 3 163/85/45 7.5 15 

360/83/-22. 5 93/68/188 7.5 7.5 
83/75/I35 -173/47/21 7.5 15 

233/45/16 5 -27/80/46 7.5 7.5 
15/53/8 -80/84/142 7.5 7.5 

38/68/105 -178/27/58 7.5 7.5 
353/83/38 -103/53/171 7.5 7.5 

225/38/165 -33/81/54 22.5 22.5 
180/83/-60 283/31/195 15 15 
1 I3/38/-23 221/77/23 5 22.5 22.5 

30/38/83 -141/53/96 60 22.5 
360/60/23 -102/71/148 7.5 7.5 
158/75/-38 259/54/199 7.5 7.5 

180/60/-13 5 64/52/321 7.5 7.5 
353/83/-53 92/38/192 15 15 
135/45/-45 260/60/23 5 7.5 7.5 
98/53/-105 301/40/289 37.5 15 
150/53/-15 249/78/219 15 22.5 
45/30/173 142/86/60 7.5 7.5 

90/45/90 -90/45/90 52.5 7.5 
285/53/105 81/40/71 30 15 
143/53/-30 252/67/222 7.5 7.5 
330/60/38 -141/58/144 7.5 15 
60/83/135 157/46/11 15 15 

300/60/-60 71/41/229 30 15 
338/68/-23 77/69/204 15 15 
75/68/-!43 329/56/332 22.5 30 
338/75/-38 78/54/199 15 30 
83/75/128 -169/40/24 7.5 7.5 
173/60/-45 289/52/219 7.5 7.5 
38/68/105 -178/27/58 15 22.5 

7.5 7/5 0.87 2.5 
7.5 6/4 0.68 3.3 
15 10/6 0.82 3.3 

7.5 8/4 0.84 2.6 
15 11/4 0.81 2.8 

7.5 6/3 0.81 2.8 
22.5 6/4 0.68 2.7 
22.5 4/5 0.88 2.5 

7.5 11/5 0.91 3.4 
7.5 6/5 0.8 2.6 

22.5 9/7 0.7 3.4 
7.5 COMP 0.81 3.0 

30 8/6 0.8 2.7 
7.5 COMP 0.7 3.9 

7.5 5/4 0.83 2.2 
7.5 6/3 0.84 3.4 
30 7/5 0.9 3.5 

7.5 6/6 0.75 3.6 
7.5 6/3 0.84 3.8 
7.5 4/3 0.96 3.4 
7.5 7/5 0.89 3.3 
7.5 7/4 0.86 3.0 
7.5 8/4 0.81 3.7 
15 9/7 0.77 3.5 

7.5 17/6 0.79 4.2 
15 6/4 0.87 2.5 

7.5 13/3 0.83 3.9 
7.5 9/7 0.82 3.4 
7.5 3/5 0.85 3.0 
7.5 6/3 0.84 3.7 
15 7/6 0.78 3.0 

22.5 8/6 0.74 3.3 
30 3/5 0.7 2.2 
30 6/3 0.88 2.9 

7.5 6/6 0.68 4.0 
7.5 13/6 0.65 3.7 
7.5 5/4 0.5 3.5 

22.5 7/6 0.6 3.4 
7.5 15/10 0.75 2.0 
45 3/3 0.74 2.6 

22.5 6/6 0.68 3.5 
15 4/3 0.79 2.6 
30 4/3 0.83 2.4 

22.5 5/4 0.92 3.2 
7.5 8/5 0.63 3.0 
15 5/7 0.54 2.6 

22.5 3/3 0.9 3.9 
22.5 7/3 0.71 3.1 
22.5 17/9 0.84 3.4 

45 8/7 0.89 3.5 
30 6/8 0.84 2.3 

7.5 15/5 0.82 2.0 
7.5 8/4 0.81 3.5 

22.5 5/3 0.89 3.0 

The strike, dip, and rake errors give range of focal mechanisms which fit the maximum number of first motions and which have amplitude ratios with 
a standard error > 2 standard deviations below the mean error. COMP notes a composite mechanism. Q, Quality as defined in text; FMO, number of 
stations with first motion observations; AR, number of stations with amplitude ratio observations; CC, correlation coefficient. P and T axes of 
example focal mechanisms are plotted to the right of Figure 7. Mt is derived from short-period observations (see text). 

and synthetic data (example in Figure 6b). All P and T axes of 
mechanisms that have a standard error more than 2 standard 

deviations below the mean error are possible solutions (solid 
black crosses, left-hand side of Figure 7). P and T axes which 
satisfy both the first motion and amplitude ratio criteria are 
selected as final solutions (P and T axes, right-hand side Figure 
7). Their range of strike, dip, and rake gives the error bounds of 
the best mechanism (Table 1). The best mechanism (nodal plane, 

right-hand side Figure 7) has the lowest amplitude ratio error and 
the lowest number of first motion errors (e.g., fits all first 
motions if possible). 

We apply the method to seismogram o recorded by broadband 
and short-period recorders and thereby modified Robinson and 
Webb's [1996] code slightly. On average, we have fewer first 
motion and amplitude ratio observations than in previous 
investigations. To test the robustness of the method, we selected 
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Figure 8. Stereonet projection of P and T axes. a) P and T axes for SAPSE ML 2-4.2 earthquakes north of Jackson 
Bay. (b) P and T axes for M..> 5.4 earthquakes [Anderson et al., 1993' Doser et aL, 1999; Harvard CMT catalog] 
north of the dashed line near Jackson Bay. (c) Lower hemisphere projection of A quality (compressional quadrant 
in black) and B quality (compressional quadrant in dark gray) SAPSE mechanisms derived with the first motion 
and amplitude ratio method and lower hemisphere projections of large earthquakes (compressional quadrant in light 
gray). (d) P and T axes for Mt 2-4.2 earthquakc• south of Jackson Bay. (e) P and T axes for M., > 5.4 earthquakes 
south of Jackson Bay. 
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events with good coverage and tested that the solution was 
recoverable with fewer observations. For example, the March 28, 
1996, 1640:47 UT earthquake is well constrained by fourteen 
first motions and eight amplitude ratios (Figure 7a). The focal 
mechanism of the same event calculated with only three first 
motions and three amplitude ratios (Figure 7b) varies only 7.5 ø 
(the increment of the grid search technique) from the strike, dip, 
and rake of the well-constrained solution. No mechanism in this 

paper was calculated with fewer than the above tested 
observations. 

We divided the focal mechanisms into three groups with 
quality A, B, and C. All selected focal mechanisms have a good 
correlation (correlation coefficient > 0.7 on a scale from 0-1) 
between synthetic and observed log amplitude ratios for the best 
fitting mechanism. Mechanisms with large numbers of first 
motions and amplitude ratios have A quality (28 earthquakes 
with an average of nine first motions and six stations for 
amplitudes) when the P and T axes cluster tightly around the best 
solution (Figure 7a). Mechanisms that are constrained by, on 
average, five first motions and four amplitudes (25 earthquakes) 
have B quality when all mechanisms with allowable misfit 
cluster tightly around the best solution as illustrated in Figure 7c. 
Often, despite a satisfying amount of first motions and 
amplitudes and a small misfit, mechanisms can have several 
possible solutions with large differences between the P and T 
axes (Figures 7d and 9b). We gave these solutions C quality (56 
earthquakes). Only quality A and B (Table 1) events can be used 
directly for stress inversion or be plotted as focal mechanisms. 
Quality C events have an ambiguity between different focal 
mechanisms and are only useful when other a priori information 
can distinguish between them. Therefore we will only show these 
mechanisms when they are of particular interest and care must be 
taken with their interpretation. 

The focal mechanisms of our data set are dominated by thrust 
and oblique strike-slip mechanisms (Figure 8c). The P axes lie 
between 90 ø and 160 ø (Figure 8a and 8d) and reflect the observed 
maximum horizontal strain of .-.110 ø [Pearson et al., 1995; 
Beavan et al., 1999]. South of Jackson Bay the four available 
focal mechanisms of large earthquakes have P axes of -140 ø 
(Figure 8e). In contrast, P axes from the smaller earthquakes fall 
between 90 ø and 180 ø (Figure 8d). It is not clear if the 
discrepancy is biased by sparse spatial sampling of the large 
earthquakes or if indeed the smaller earthquakes reflect more 
heterogeneous stress. North of Jackson Bay, large and small 
earthquakes have similar mechanisms (Figure 8a and 8b), and P 
and T axes respond to the same stress field. 

4.2. Moment Tensor Inversion 

We invert the seismograms of the SAPSE broadband stations 
to obtain the seismic moment tensor, the source time function, 
and the centroid depth (technique described by Nabelek and Xia, 
[1995]). The least square's inversion fits synthetic seismograms 
calculated with the velocity model obtained in this study (Figure 
4) with observed three-component seismograms. The frequency 
band is adjusted according to the signal to noise ratio for each 
event, 0.07-0.03 Hz for the events < Mr. 5 and 0.04-0.02 Hz for 
the earthquakes > Mj: 5. We use all available broadband 
recordings, i.e., 4-7 stations at distances of 50-300 km and good 
azimuthal spread, which gives well-constrained mechanisms. An 
example of the waveform fit for the January 24, 1996, 1744:26 
fit earthquake is shown in Figure 6a. We first applied the 
technique to the Cass main shock. For this event the permanent 

broadband station SNZO (Figure 3b) was available and 
instrument responses of the temporary stations could be verified 
(the Guralp station needed an adjustment of 50 in gain). We then 
applied the method to the smaller Cass aftershocks: the 
November 25, 1995, 08!6:17 UT 5.2 M,•, November 25, 1995, 
0942:35 UT 4.2 Mt•, and November 25, 1995, 2314:27 UT 4.1 
earthquakes, using only SAPSE broadband stations. The solution 
for the Mr. 4.1 event is poorly constrained due to the low signal to 
noise ratio and gives the lower magnitude limit for resolvable 
earthquakes. Consequently we could only use one event from the 
data set shown in this paper, the January 24, 1996, 1744:26 UT 
earthquake with Mr. 4.2. 

4.3. Technique Comparison 

The two techniques give consistent results for the three events 
examined (Figure 9a) but with varying amounts of dip slip 
component. In particular, the directions of the P and T axes are 
broadly similar, with trends of P and T axes varying by 10 ø 
between the techniques. 

The Cass main shock moment tensor solution has a slightly 
higher strike-slip component than the mechanisms derived with 
the first motion and amplitude ratio technique [Gledhill et al., 
2000], but is within the limits of mechanisms derived by NEIC 
and Harvard [Gledhill et al., 2000]. The Mz. 5.2 aftershock 
(Figure 9b) is an example where the first motion/amplitude ratio 
technique gives two different types of mechanisms and is 
therefore classified as C quality. The P and T axes of the moment 
tensor inversion technique are similar in direction to one of the 
clusters of P and T axes (Figure 9b, bottom right, dashed nodal 
plane), which is our preferred solution. The other possible focal 
mechanism derived by the first motion and amplitude ratio 
method cannot fit the relatively large amplitudes of the tangential 
components (Figure 9b). This earthquake shows that C quality 
mechanisms have the ambiguity of different mechanisms and 
need other a priori information to determine the correct focal 
mechanism. The January 24, 1996, 1744:26 UT earthquake is the 
only mechanism from the data discussed in this paper. in Figure 
6 we show the synthetics and observed seismograms (envelope 
function of waveform, !-4 Hz) of the best fitting solution for all 
amplitude ratios and the full waveform inversion (waveform, 
0.07-0.04 Hz). For these events the two techniques are providing 
reasonable fits to very different parts of the frequency spectrum. 
The amplitude ratio method shows a range of P and T axes 
within the given misfit. By combining the first motion 
information the method selects a tightly constrained mechanism. 
This validates our approach that amplitude ratios provide good 
constraints but are best used in combination with the first motion 

data. The comparison demonstrates the uncertainty in using 
either technique for small magnitude events. For the SAPSE data 
we estimate that the directions of P and T axes are constrained 

within !5 ø, but there is -30 ø uncertainty in rake. M• values are 
0.2-0.45 smaller than the ML calculated from the short period 
instruments for five earthquakes. This is in agreement with recent 
observations [Anderson and Webb, 1994] that NZNSN 
magnitudes are overestimated by 0.3 M,•. owing to a local site 
effect at station WEL. 

5. Stress Observations 

Small to moderate sized earthquakes do not necessarily reflect 
slip on mapped faults but may result also from slip on unmapped 
faults or distributed fracture surfaces within the region. The 
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Figure 9. (a) Focal mechanisms deri',,ed by moment tensor inversion (top row) and mechanisms from first motion 
and amplitude ratio method (bottom row, where available). (b) Observed and synthetic seismograms for mechanism 
for the largest Cass aftershock derived b) waveform inversion. Z, R. and T are vertical, radial, and transverse 
components for the stations. Station name, azimuth, and epicentral distance are given at the left. Seismogram 
amplitudes are normalized to 100 km distance assuming cylindrical spreading. To the right, output of the amplitude 
ratio method is given. Shaded P and T axc• of all focal mechanisms, which fit all first motions, solid P and T axes 
which fit amplitude ratios within a given error arc given on the top. P and T axes, which satisfy first motions and 
amplitude ratios plotted on the best mechanisms (solid circles are compressional, shaded circles dilatations) are 
given on the bottom. The first motion and amplitude ratio method gives two possible focal mechanisms (two 
clusters of P and T axes), one of which (dashed nodal planes) has a focal mechanisms similar to the solution 
derived by the waveform in,,ersion. This is our preferred solution. 

focal mechanisms of small earthquakes represent rupture on 
surfaces capable of brittle failure under the regional stress field. 
Thus the regional stress tensor in the vicinity of a mapped fault 
with few earthquakes may bc derived from the focal mechanisms 
of small earthquakes in the region. Occasionally small-scale 

hctcrooc temporal or spatial ' ' •'neitics in the .rc3field will re.suit in 
focal mechanisms that are inconsistent with the regional stress 
field, so it is more appropriatt: to ..,olvc for the best fitting stress 
tensor than to rely on averaging P and T ,.txcs to estimate 
principal strcs• orientations. 

We apply a grid search technique to solve for the regional 
deviatoric stress tensor [Michael, 1987a, 1987b, 1991]. The 
method works under the assumption that fault slip in all 
earthquakes in a region occurs predominantly in response to a 
uniform stress tensor. The relations between the stress tensor and 

the focal mechanism are that the direction of the tangential 
traction on the fault plane tends to be nearly parallel to the slip 
direction and that the magnitude of traction is positive and 
similar on all fault planes. The misfit angle 13 between the 
predicted tangential traction and the slip angle is minimized a• 
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1 - cos [3 with an LI norm. The grid search method changes the 
direction of the stress tensor in 10 ø steps and the shape factor 
(co = S2-S3/S1-S3, where S1, S2, and S3 are the three principal 
deviatoric stress magnitudes listed from most compressional to 
most tensional) in 0.1 increments. It tests both fault planes and 
,lects the fault plane with the best fit to the calculated stress 
tensor. The relative magnitudes of principal stresses cannot be 
obtained from inspecting P and T axes. 

We find maximum stress directions of 110 ø -120 ø. 4) is -0.5, 
meaning that the intermediate stress, S2, is approximately the 
mean stress and that the stress tensor is far from uniaxial. In this 

region, S2 is vertical, so we can estimate that the mean stress is 

equivalent to the vertical stress, which could be approximated by 
the !ithostatic load. We cannot determine the magnitude of the 
differential stress, S1-S3. The mean misfit is < 20 ø, which shows 
that the mechanisms are adequately fit by a uniform stress tensor. 
Michael [1991] used simulations to show that for mean misfit 
< 30 ø the assumption of a uniform .,;tress field is valid. 

Confidence regions are calculated with Michael's [1987b] 
bootstrap technique. For the 80% confidence region the data set 
is sampled 500 times, and each time, local mechanisms are 
randomly sampled from the given fault planes and the best fitting 
stress tensor calculated. To estimate the misfit for each individual 

mechanism, we applied the inversion method originally designed 
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for slip data [Michael, 1984]. For each mechanisms we assign the 
fault plane selected by the grid search technique as the best 
fitting one. The stress inversion technique calculates the best 
fitting stress tensor and the degree of misfit between the slip 
vector and traction vector for each event (within 5 ø of grid search 
results). A few events had misfits > 100" (100ø-130ø), and we 
eliminated such events from the final stress inversion. 

The regional stress fields of all selected areas (Figure 10c) 
have the principal stress axis at ---110ø-120 ø in agreement with 
GPS strain observations [Pearson et al., 1995; Beavan et al., 
1999] and other stress observations in the north of our study 
region [Robinson and McGinty, 2000]. At the 80 % confidence 
level the stress tensors for all regions are the same. North of 
Jackson Bay the direction of the principal stress axis is horizontal 
at 120 ø, cI) is 0.5, and the mean misfit for all events is 190 (Figure 
10a). The least principal stress axis is horizontal, indicating a 
stress field favoring strike slip. If we subdivide this region further 
and look at events north of Mount Cook, the results are 
essentially the same, but the direction of the intermediate stress 
axis indicates an oblique thrust component (Figure 10b). South of 
Jackson Bay the direction of the principal stress is 108 ø, (I) is 0.4 
and the mean misfit is 18 ø (Figure 10d). A slight counter- 
clockwise rotation of the principal stress axis is observed, 
although it is within the error limits. A counter-clockwise 
rotation from north to south is in agreement with the counter- 
clockwise rotation of the relative plate motion vector. 

6. Results 

To interpret the seismicity, we combine all data. SAPSE data, 
Mount Cook earthquakes and aftershocks, and quality locations 
of the NZNSN and Pukaki network (for selection criteria, see 
data description) are plotted in map view (Figure 11). In the 
Pukaki region the depth of earthquakes recorded by the Pukaki 
network agrees well with the depth of the SAPSE data (Figure 
120. NZNSN data (depth only resolved with minimum station 
distance of 25 km) have 1-2 km deeper hypocenters than the 
SAPSE data. Both data sets were located with the same velocity 
model and station distribution, with the only difference being the 
sparser network distribution for the NZNSN. The depth of the 
SAPSE data is better constrained and more reliable. 

At the magnitude M•,. > 3 level, all data sets are almost 
complete (Figure 11 a). At the magnitudes Mr. > 1.8 (Figure 1 lb) 
some spatial patterns are more pronounced, especially within the 
Pukaki network, because of the lower magnitude completeness 
threshold. Seismicity with Mt < 3 is probably as high in other 
regions [Rynn and Scholz, 1978; Scholz et al., 1974], but only 
microseismicity studies can resolve that. 

Earthquakes occur in a wide region from just west of the 
Alpine fault to coastal Otago. In the northern third of the study 
region the band of seismicity is only 60 km wide, whereas farther 
south the band is up to 200 km wide. The zone of persistent 
seismicity is narrowest where the region of uplifted graywacke is 
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narrow, with almost no seismicity in the topographically subdued 
Canterbury Plain, and it widens to the south where the schist belt 
widens (Figures 2 and 11). The distinctive changes from south to 
north in the level and spatial distribution of seismicity are 
discussed below in conjunction with focal mechanisms and the 
tectonics of the Alpine fault and the southern region of the 
Marlborough fault system. 

6.1. Depth of Seismicity 

The maximum depth of crustal seismicity is fairly uniform 
over large parts of the central South Island at -12 km depth 
(Figures 5a and 12). For estimating seismogenic depth we 
consider the SAPSE events, Pukaki events within the network, 
and NZNSN events that have well-constrained depths (number of 
P picks > 5, gap < 180 ø, closest station < 25 km). The deeper 
earthquakes are 10-14 km deep and are relatively evenly 
distributed throughout the area that is sampled by good 
hypocenters; hence the estimated seismogenic depth is 12 -,- 2 
km. The high Alps region, discussed below, is slightly 
shallower. Microseismicity studies in Canterbury [Reyners and 
Cowan, 1993], along the Alpine fault [Rynn and Scholz, 1978; 
Scholz et al., 1974] and within the Marlborough fault system 
[Reyners, 1989; Reyners et al., 1983; Reyners et al., 1997; 
Robinson et al., 1994], also show the maximum depth of upper 
crustal seismicity at -12 km. The maximum depth of seismicity 
provides an estimate of the thickness of the seismogenic zone 
and therefore relates to the brittle-ductile transition zone [Scholz, 
1990; Yeats et al., 1997]. The crustal structure derived along 
both transects has uniform velocities of 5.8-6.2 km in the upper 
25-30 km thick crust [Holbrook et al., 1998; Kleffmann et al., 
1998a; Stern et al., 1997] at distances of 30-100 km east of the 
Alpine fault. No crustal boundary, no change in seismic 
character, and no change in electric conductivity (P.E. 
Wannamaker et al., Fluid generation and pathways beneath an 
active compressional orogen, the New Zealand Southern Alps, 
inferred from magnetotelluric data, submitted to Journal of 
Geophysical Research, 2000) (hereinafter referred to as 
Wannamaker et al., submitted manuscript, 2000) are imaged near 
the base of the seismogenic zone observed in this study. 

Beneath the high Alps the Lake Pukaki network data show an 
-3-4 km shallower base to the seismicity. While extensive 
seismicity was recorded by that network in the high Alps, only a 
small portion has adequate depth resolution owing to the station 
distribution. The sparser SAPSE data also have depths < 10 km 
in an area extending to the southwest of Mount Cook. We thus 
estimate that a 10-20 km wide region of the high Southern Alps 
has a shallower seismogenic depth of-8 km (Figure 5, shaded 
rectangle). The adjacent section of the Alpine fault has very low 
seismicity, but the few earthquakes recorded by SAPSE extend to 
10-14 km depth, and the well-constrained NZNSN hypocenters 
extend to 14 km depth. 

Isotherms are expected to be elevated due to the high uplift 
rate (Figures !2c and 12j). Given large differences between 
thermal models (Figure 12c) [Koons, 1987b; Shi et al. 1996] and 
estimated depths to the brittle-ductile transition zone from fission 
track and fluid inclusion data (between 250øC at !0 km [Karnp 
and Tippert, 1993] and 400øC at 5 km [Craw, 1988; Craw et al., 
1994]), only the shape and extent of the thermal anomalies can 
be compared with the earthquake distribution. The location of 
the peak isotherm elevation also varies between the models. 
Advection would be most pronounced close to the Alpine fault. 
The effect of conductive cooling due to lateral heat flow into the 

stable block west of the Alpine fault makes the elevated isotherm 
less dramatic and centered > 5 km east of the fault [Shi et al., 
1996]. The seismicity supports a model where elevated 
isotherms are centered east of the Alpine fault and are elevated 
by -3-4 km. Near Haast, SAPSE earthquakes are consistent with 
thermal models that predict very slight elevation of isotherms due 
to lower uplift and convergence rates. Shi et al. [1996] 
incorporated crustal thickening in their uplift models, which 
depresses the brittle-ductile transition zone in regions of 
thickened crust (Figures 12c and 12j). The seismicity does not 
support a 10 km deepening as implied by their 350 ø isotherm and 
would thus favor a lower proportion of active crustal thickening. 

South of Haast a region of shallower maximum earthquake 
depth of 5 km is located at the Alpine fault near Jackson Bay 
(Figure 5, shaded ellipsoid). It appears to be a localized feature. 
This section of the Alpine fault is characterized by almost pure 
strike-slip motion with a small amount of extension observed 
near Cascade River and offshore south of Milford Sound. It is 

possible that the change of the plate boundary from the Alpine 
fault to subduction below Fiordland is causing extension and 
associated higher heat flow. Heat flow measurements near Haast 
are higher than normal at 60øC/km [Funnell and Allis, submitted 
manuscript, 2000], and a hot spring near Cascade River points to 
elevated temperatures in the region. 

North of Franz Josef Glacier seismicity (Mr. > 2.0) is almost 
absent in a 10-20 km wide band (Figure 5, shaded triangle and 
Figure 11). In the same region, results from modeling active and 
passive seismic and magnetotelluric data along the transects 
(marked T1 and T2, Figure 3a) indicate a low-velocity zone and 
high-conductivity zone at 25 km depth reaching from the Alpine 
fault to 30 km east of it [Bannister et al., 1998; Holbrook et al., 
1998; Kleffmann et al., 1998b; Stern et al., 1997; Wannamaker et 
al., submitted manuscript, 2000]. The along-strike extent of the 
low-velocity zone is much greater than the extent of the low- 
seismicity region, so it is unlikely that the lack of seismicity is 
directly related to the low velocity zone. The low-seismicity 
region is north of the region of the maximum dip-slip rate on the 
Alpine fault and hence cannot be simply related to the maximum 
uplift region or thermal effects. Thus we interpret the low- 
seismicity region as a result of the initial transition to the 
Marlborough tectonic regime of multiple crustal faults better 
aligned for dextral slip (discussed in section 6.3.2). 

Deep earthquakes (80-100 km) are only observed in a small 
region near Milford Sound (Figure 5) and are likely to occur at 
the northern tip of the subducting Australian plate. North of 
Jackson Bay, only one event in the study is deeper than 15 kin. 
This event is at 30 km depth and at a distance of 30 km east from 
the Alpine fault (Figures 5 and 12f). Given an estimated dip of 
-45 ø of the Alpine fault, it could have occurred on the Alpine 
fault. We do not observe deep earthquakes below the Lake 
Pukaki region. as Reyners [1987] did. These earthquakes appear 
to occur very infrequently, and Eberhart-Phillips [ 1995] did not 
observe them in her 3.5 year study. The Pukaki network recorded 
only 12 earthquakes deeper than 50 km compared to 2800 
earthquakes in the shallow crust between 0-15 km depth. The 
occurrence of these few deep earthquakes marks a change in 
rheology at this depth, but there are too few to indicate an active 
deformation surface. 

For regional seismic hazard models of the central South 
Island, 12 km is the best estimate of the seismogenic depth, 
except for the area surrounding and south of Mount Cook where 
the estimated seismogenic depth is 8 km. In eastern Otago the 
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Figure 13. Alpine fault seismicity and focal mechanisms. (a) SAPSE earthquakes within 5 km to the NW and 15 
km to the SE of the fault surface trace projected on a cross section parallel to the Alpine fault from Milford Sound 
to Arthur's Pass. JB, Jackson Bay; BB, Bruce Bay; WR, Wanganui River. (b) Mapview of SAPSE seismicity with 
lower hemisphere projections of A quality (compressional quadrant black) and B quality (compressional quadrant 
middle gray) focal mechanisms. Focal mechanisms with light gray compressional quadrants are lower hemisphere 
projections of the focal mechanisms for Mw > 5.5 earthquakes derived by body waveform modeling [Anderson et 
al., 1993; Harvard CMT catalog]. 

few well-located NZNSN hypocen[ers extend to 13-15 km depth 
and may suggest a slightly deeper seismogenic depth, but the 
data are too few to justify subdivision of the region. 
Undoubtedly, if the central South Island was monitored by an 
extensive sensitive network with 10 km station spacing for a 
decade, additional regions with small variations in seismogenic 
depth would be apparent. However, the base of seismicity that 
we have observed is relatively uniform, and variations are 
unlikely to be > 4 km. 

6.2. Alpine Fault 

SAPSE observed 60 earthquakes in a band from 5 km 
northwest to 15 km southeast of the surface fault trace of the 

Alpine fault (Figure 13a). Given an approximate fault dip of 45 ø, 

these earthquakes occurred on or close to the fault, therefore 
outlining its seismogenic zone. Seismicity is highest just north of 
Milford Sound (Figure 3a). North of Bruce Bay the seismicity 
rate drops abruptly. Between Bruce Bay and the Wanganui River, 
seismicity of the Alpine fault was low both during the SAPSE 
and the 8 years of NZNSN recordings. The occurrence of a few 
earthquakes up to 10 km depth (Figure 13a) suggests that the 
crust in the vicinity of the Alpine fault is capable of releasing 
elastic strain. 

When similar magnitude ranges are considered, the seismicity 
rate is comparable with seismicity rates along locked sections of 
the San Andreas fault (Figures 1 la and 14), where large historic 
earthquakes have been recorded. Both the Carrizo Plain and the 
Mojave sections of the San Andreas fault experienced no 
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earthquakes larger than Mr, 3.5 over the time period 1990-1997 
(same time span as the NZNSN data set shown in this study) and 
show only a few events larger than M•, 2.5 (Figure 14), which is 
the threshold of our study. Despite the relatively low frequency 
of magnitude M•, > 2.5 earthquakes on this locked section of the 
San Andreas fault, two historic earthquakes of approximately M•,. 
7.9 (Fort Tejon, 1857) and M,,. 7.5 (Wrightwood earthquake, 
1812), demonstrate that large earthquakes occur. In contrast, the 
creeping segment where significant aseismic slip occurs is the 
only place where the San Andreas fault is well-defined by 
microearthquakes. 

The stress tensor results differ from the San Andreas fault 

region. In the Alpine fault region, the principal stress tensor is 
fairly uniform throughout the region and is oriented appropriately 
for plate motion with the only spatial variation being a small 
rotation consistent with varying plate motion. In southern 
California, the orientation of the maximum horizontal stress 

rotates over 35 ø along the length of the San Andreas fault [Jones, 
1988], although the plate motion orientation does not vary. 
Jones [1988] shows that the maximum horizontal stress 
orientation is constant relative to the orientation of the San 

Andreas fault and interprets this as evidence that it is a weak 
fault. There is no such evidence to suggest that the Alpine fault 
is a weak fault. 

The estimated seismogenic depth of the Alpine fault is 10-12 
km. This is similar to the geodetic estimated locking depth of 
10-12 km at Haast [PearJot: et aL, 2000] but is slightly deeper 
than the 5-8 km estimated locking depth in the central region 
[Bearart et al., 1999] (Figures 12 c, 12f, and 12j). Both the 
seismic and geodetic results confirm that the upper crust in the 
vicinity of the, Alpine fault is storing elastic strain that will be 

released in brittle deformation. Assuming that parts of the 
Alpine fault are bounded by thermally weakened crust to the east 
and stronger Australian plate crust to the west, we expect that it 
is possible to store elastic strain in this region. Elsewhere field 
evidence and numerical models of earthquake rupture show that 
slip often propagates along the interface between weak and 
strong material [Harris et al., 1994]. While this is usually 
considered for shallow depths, it may also apply to the Alpine 
fault at depths of 5-12 kin. 

An Mw 5.4 earthquake south of Bruce Bay possibly occurred 
on the Alpine fault on 20 October 1998. The depth is poorl:, 
constrained for the NZNSN hypocenter. This earthquake caused 
minor damage and was widely felt along the West Coast and 
throughout central Otago. The Harvard centroid moment tensor 
(CMT) mechanism (Figure 13, latitude 43.8 ø) is an oblique 
strike-slip earthquake with a 20 ø clockwise rotation of strike 
relative to the Alpine fault. The strike of the northeast trending 
nodal plane has an error of -10ø-20 ø, so its strike could be 
parallel to the Alpine fault. 

We observe a few normal faulting mechanisms at 15-30 km 
distance east of the Alpine fault. The P axes are aligned to the 
regional stress field. They could indicate local extension due to 
gravitational collapse. Bearart et al. [1999] observe negatbe 
strain in this region, which is consistent with the mechanisms. 

6.3. Northern Transition Zone 

6.3.1. From the Hope fault to the Wanganui River. The 
junction of the Hope and Alpine faults (Figure 15) is a complex 
zone of deformation rather than a junction of distinct faults. From 
the Hope fault junction to the Wanganui River, earthquake 
activity is high and concentrated in the 20 km wide zone 
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Figure 15. Seismicity and focal mechanisms from the Hope 
fault to the Wanganui River: lower hemisphere projections of A 
quality (compressional quadrant black) and B quality 
(compressional quadrant middle gray) focal mechanisms. 
Mechanisms with light gray compressional quadrants are lower 
hemisphere projections of the focal mechanisms for M,,, > 5.5 
earthquakes derived by body waveform modeling [Anderson et 
al., 1993; Doser et al., 1999' Harvard CM T catalog]. Arthur's 
Pass tarthquake is marked with A. The Cass earthquake (marked 
with C) and three aftershock mechanisms were derived by 
broadband waveform modeling in this study and have dark gray 
compressional quadrants. W is Wilberforce River earthquake. 
Qualit3 locations (see also Figure l lb) for earthquakes with Mt 
> 3 recorded by the NZNSN (open circles) show the NNW-SSE 
trend of the Arthur's Pass and Cass earthquake aftershock zones. 
Only a few SAPSE earthquakes were selected in this region. 
Dashed line in the north marks the boundary of the study region 
where seismicity is artificially truncated. PPFZ is Porters Pass 
fault zone. 

immediately east of the Alpine fault, with only a few earthquakes 
located directly on the fault (Figure 1 1). The earthquakes are 
distributed at all depths down to -9 km, with the exception of 
one event at 13 km depth. Strike slip events near the Hope fault 
coincide with the strike of the Marlborough fault system and are 
steeply dipping to the west if we select the fault plane that has 
right-lateral slip (Figure 15). The Arthur's Pass, Cass, and 
Wilberforce River earthquake sequences occurred in this zone 
v•here the Hope and Alpine fault systems join. We have only a 
few earthquakes from SAPSE in the region since we excluded 
the aftershocks of the Cass and Arthur's Pass earthquakes. North 
of Lake Pukaki, earthquake mechanisms vary considerably, but P 
axes are within the same range. The high seismic activity is 
concentrated at the oblique junction of the dextral Hope and 
Alpine faults, where a high maximum strain rate is observed 
v•ithin the GPS network [Beavan and Haities, 2000]. 

Both the M,. 6.7 1994 Arthur's Pass [Abercrombie eta!., 
2000; Arnadottir et al., 1995; Robinson and McGino', 2000; 
Robinson et al., 1994] and 1995 M,,. 6.2 Cass earthquake 

[Gledhill et al.. 2000] have thrust components in a region where 
previously only strike slip earthquakes have been obserx ed. The 
Arthur's Pass earthquake v, as primarily a reverse faulting event 
with NE-SW strike. This fault direction is parallel to the strike of 
strike slip faults in the region but is not favorably oriented for 
reverse slip in this stress regime. Aftershocks follow a NNW- 
SSE trending zone, have varied mechanisms. and respond to the 
regional stress field [Robinson and McGinO', 2000]. The Cass 
earthquake was probably triggered by the Arthur's Pass 
earthquake. It had an oblique strike slip mechanism and. based 
on the 330 '• trending aftershocks. ruptured along a NNW-SSE 
trending westward dipping fault. The NNW-SSE trend of 
aftershocks of both earthquakes and the thrust component of their 
mechanisms suggest that they comprise part of the plate 
convergence normal to the Marlborough fault system [Robinson 
and McGino,, 2000]. It appears that earthquake slip in this region 
is partitioned into components fault parallel and normal to the 
plate margin [Gledhill et al., 2000:. Robinson and McGino,, 
20001. 

6.3.2. From the Wanganui River to Mount Cook. 
Seismicity attributed to the Marlborough fault zone reaches as far 
south as Mount Cook. South of the Wanganui River the 
seismicity steps farther away from the Alpine fault (Figure 5) 
until a west-east striking band of seismicit) intersects the Alpine 
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Figure 16. Seismicity and focal mechanisms from Wanganui 
River to Mount Cook; lower hemisphere projections of A quality 
(compressional quadrant black) and B quality (compressional 
quadrant dark gray) focal mechanisms. Mechanism with light 
•ay compressional quadrant is a lower hemisphere projection of 
the M,,. 6.2 Godley River [Anderson et al., 1993] earthquake 
mechanism. Normal faulting mechanisms east of Mount Cook 
are composite solutions (marked with HT) and are possibly 
hydrologically triggered. Quality locations (see also Figure 1 lb) 
for earthquakes with blt. > 3 recorded by the NZNSN (open 
circles), SAPSE (solid circles), and Pukaki (shaded circles) are 
shown. Solid star mark• Mount Cook (MC); open stars are shot 
points of the two transects TI and T2. Mount Cook earthquakes 
are directly east of Mount Cook and had a thrust faulting 
mechanism. Note the region of decreased seismicity between the 
Alpine fault and the northern extension of Lake Tckapo. 
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fault obliquely (Figure 11). This band of seismicity is especially 
pronounced when lower magnitude events are included and is the 
southwest extension of the Porters Pass fault zone. It includes the 

Mw 6.2 Godley River earthquake [Anderson et al., 1993]. This 
earthquake occurred in a remote region with no mapped faults 
and had no observed surface rupture. Anderson et al. [1993] 
suggested that it occurred on the continuation of the Porters Pass 
fault zone, which is similar in strike to the NE-SW trending plane 
with right lateral strike slip. Six earthquakes located just to the 
southeast of the Godley River earthquake (Figure 16) have very 
similar focal mechanisms and possibly occurred on the same 
fault. 

Seismicity connected to the Porters Pass fault zone is not 
surprising since geological evidence shows that it is an active, 
developing fault zone, •the youngest and southernmost of the 
Marlborough system [Cowan et al., 1996]. Geodetic 
measurements show a high maximum strain rate throughout the 
region bordered by the Porters Pass fault zone and its southwest 
extension toward the Alpine fault zone [Beavan and Haines, 
2000; Pearson et al., 1995]. The September 1997 M•, 5.0 
earthquakes and aftershocks occurred in this region (Figure 16) 
east of the Alpine fault. Two focal mechanisms from the 
aftershocks indicate thrust and oblique slip mechanisms 
consistent with uplift of the Southern Alps and small-scale strain 
partitioning as seen in the Arthur's Pass earthquake. 

The southwest extension of the Porters Pass fault zone forms 

the southern edge of the triangular region where seismicity is 
nearly absent (Figure 11). The low-seismicity region corresponds 
to the position of a major change in the geology of the Southern 
Alps and a change to relatively low topography. Moderately 
west dipping sequences of schist and semischist with abundant 
faults are dominant in the Mount Cook region, whereas 
equivalent sequences to the north in the Whataroa-Wanganui 
Rivers area are flat lying and have relatively few faults. The 
change reflects a major difference in the amount of shortening 
and style of uplift along the Alps (S. Cox, personal 
communication, 2000). 

The low-seismicity region is included within the zone of high 
shear-strain rate that extends from Arthur's Pass to Mount Cook 

[Beavan and Haines, 2000]. At the western end of the Porters 
Pass fault zone seismicity and the southern edge of the low- 
seismicity triangle, there is a saddle in the vorticity field, which 
could be the result of additional strike slip faulting reducing the 
amount of convergence at that point (M. Henderson, personal 
communication, 2000), consistent with the geology. However, 
small rotations of the strain field need not cause low seismicity. 
Reduced seismicity would result from higher normal stress 
and/or fewer distributed faults aligned properly, as suggested by 
geology, so that the region behaves in a more blocklike manner. 
Corresponding to the low-seismicity region, there is a region of 
NW-SE contraction near and just south of the Wanganui River 
that does not appear to be present farther south [Beavan et al., 
1999]. The high contraction would increase the normal stress 
and fault strength on faults and fractures in that region [Sibson, 
1993], resulting in a lower level of background seismicity than in 
areas of decreasing normal stress [Abercrombie and Mori, 1996]. 

The seismic activity on the southwest extension of the Porters 
Pass fault zone, changes in geology, and variations in the strain 
field suggest that development of secondary strike slip fault 
zones, which will eventually become significant faults in the 
Marlborough system, begin in this region north of the zone of 
maximum uplift. Thus this region may also be considered 
transitional to the Marlborough region and not simply displaying 

the classic oblique continental collision illustrated by two- 
dimensional numerical models of deforming orogens. 

6.4. Hydrologically Triggered Earthquakes 

East of Mount Cook, two sequences of eight and four 
earthquakes occurred on December 13 and 22, 1995 (composite 
mechanisms marked HT, Figure 16). The earthquakes occurred 
in the same location at shallow depth, were separated by a few 
hours, and had magnitudes of about M•. 2.5-3. The waveforms 
and polarities of all events are very similar, and show distinct P 
and S arrivals. Therefore rock avalanches and glacier breakup are 
unlikely sources. No man-made activity occurs in this remote 
area of the Southern Alps. The composite solutions for these 
events suggest normal faulting with NW-SE oriented extensional 
axis. The T axes of these earthquakes have a large misfit to the 
regional stress tensor and were excluded from the stress 
inversion. 

The occurrence within several hours of each other and during 
the early summer suggests that they could be hydrologically 
triggered. Severe rains and flooding occurred in the Southern 
Alps and central Otago on December 12 and 13, 1995. Some 
102 mm of rain fell in a 32 hour period in Alexandra, the highest 
since record keeping began in 1922. The community of Wanaka 
experienced flooding and was cut off by slips and rockhlls on all 
roads, including the Lindis Pass to the north and the Haast Pass 
to the west (Otago Daily Times, December 14, 1999). The 
earthquakes began during the latter part of the period of peak 
rainfall and ended --12 hours after the rain ended. Wolf et aI. 
[1997] observed similar series of seismic events near Mt Ogden, 
Canada. They occurred during summer and early fall months, 
when rain and glacial melt water levels were high. Wolf et al. 
[1997] suggest that pressure variations due to increased pore 
fluids possibly initiated failure. 

The epicenters of these near-surface earthquakes occur in 
steep terrain on the northwest side of the Liebig Range, well 
above the Murchison Glacier and River. In the Liebig Range, 
airphotos show some linearions on steep slopes that appear to be 
faults and are also subparallel to bedding. There are numerous 
mapped fault segments, many of which appear to have 
Quaternary activity. The triggered earthquakes may represent 
gravitational failure on poorly oriented preexisting fault surfaces 
that are able to slip under high pore pressure. 

Time-limited swarms are a feature of Southern Alps 
seismicity and a similar cluster occurred in this location in 
January 1994 [Eberhart-Phillips, 1995], which was also a period 
of heavy rain and flooding. While focal mechanisms are 
unavailable for those earthquakes, they may also represent 
hydrolc•gica[ly triggered gravitational failure. 

6.5. From Mount Cook to Haast 

In the region from Mount Cook to Haast the seismicity is 
comparatively lower and more broadly distributed, including 
bands of seismicity 30 and 80 km east of the Alpine fault (Figure 
5). This region may be most compatible with relatively simple 
models of a continent/continent collision zone [Koons, i990, 
1994] since it lies south of the Marlborough fault system and 
north of the Puysegur subduction zone. Numerical modeling of 
the collision zone as a two-sided orogen with erosion on the steep 
inboard wedge and a gentle sloping surface on the outboard 
wedge [Koons, 1990, 1994] predicts the highest strain rates (both 
contractional and rotational) adjacent to the plate boundary and a 
broad higher strain zone in the outboard region. At the main 



LEITNER ET AL.' A FOCUSED LOOK AT THE ALPINE FAULT, NEW ZEALAND 221> 

a) 7'0.0 

E 60.0 
z 

.r- 50.0 
'-I- 

o 40.0 

03 30.0 

• 20.0 

E lO.O 
o 

o.o 

NZNSN(1990-1997) 

-60 -40 -20 0 20 40 60 80 1 O0 120 140 

Distance to Alpine fault (kin) 

. 169" 170' 171" 
e_ R' - r-4k'o'- .a -.' 

•' o T2 , ,, ) 

o o ' ',,.Z./ ' ' / ?"- .,.,._ )' ' , i o • 

I o • ( ¾• Oo •,/•. 

' ",', •, / t• f •_ o \ •, \. 
%", .... -• [•, ',J • 4 • -- "• •\ 

169 ø 170' 

okm 
o lO 2o ! 

171' 

-44" 

Figure 17. Seismicity and focal mechanisms from Mount Cook to Jackson Bay. (a) Moment release per year 
calculated for rectangular regions 130 km long parallel to the Alpine fault (zone between arrows located on Alpine 
fault in Figure 17b) and 25 km width perpendicular to it. Included are quality locations for M'L>3.0 earthquakes 
recorded by the NZNSN during 1990-1997 (Figure 3c). (b) Lo•,-er hemisphere projections of A and B quality 
(compressional quadrant black) and C quality (compressional quadrant dark gray) focal mechanisms. Mechanisms 
with light •ay compressional quadrants are lower hemisphere projections of the focal mechanisms for the 1.998 M,, 
5.4 Alpine fault (R.E. Abercrombie, personal communication, 1999; Harvard CMT catalog) and the M,, 6.ø_.. GodIcy 
River [Anderson ez aL, 1993] earthquakes. Quality locations (see also Figure l lb) for earthquakes with hi/. > 3 
recorded by the NZNSN (open circles), SAPSE (solid circles), and Lake Pukaki (shaded circles) nc. tworks show 
that seismicity clusters around some of the NNE-SSW striking faults. Solid star marks Mount Cook (MC), open 
stars are shot locations along the two transects T1 and T2. 

divide, there is little contractional strain, and extension occurs 

parallel to the plate boundary [Koons, 1990, 1994]. The 
seismicity zone at 30 km distance from the Alpine fault is near 
the main divide and has oblique thrust and strike-slip 
mechanisms, which may be representative of the backthrust zone. 
The distributed zone 80-100 km from the Alpine fault is near the 
outboard toe, where oblique thrusting is expected. Focal 
mechanisms east of the Southern Alps, especially at the thrust 

front, have a high thrust component and tend to be aligned with 
the NNE strike of mapped faults (Figure l?b). The moment 
release rate, calculated from NZNSN seismicity between 1990 
and 199'7 across the region (Figure l?a), is highest at the Alpine 
fault, decreases toward the east, and shows another small high at 
75-95 km distance from the Alpine fault. The relative change of 
moment release across the Southern Alps is similar to the 
numerical calculated strain curve [Koons, 1994; Koons et al., 
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Figure 18. Seismicity and focal mechanisms south of Jackson Bay; lower hemisphere projections of A quality 
(compressional quadrant black) and B quality (compressional quadrant dark gray) focal mechanisms. Mechanisms 
with light gray compressional quadrants are lower hemisphere projections of focal mechanisms for M,, > 5.4 
earthquakes derived by body waveform modeling [Anderson eta!., 1993; Doser et al., 1999; Harvard CMT 
catalog]. NZNSN earthquake locations of ML > 3 (open circles) are selected using the quality criteria described in 
the text (shown in Figure 1 l a) for the region east of the Alpine fault. Offshore, all recorded earthquakes with ML > 
3 are plotted. Thus location errors are relatively large, but the distribution shows that in this region seismicity 
occurs xvest of the Alpine fault. Earthquakes recorded by SAPSE are marked by solid circles. MLFZ is Moonlight 
fault zone. Dashed line in the south marks the end of the study region where seismicity is artificially truncated. 

1998] and measured strain rates across the Alps (J. Beavan, 
personal communications, 20001 but is 2-3 orders of magnitude 
smaller than the predicted strain accumulation from plate 
convergence and GPS observations. 

The earthquake data over the last 150 years show that only a 
small fraction of the strain accumulation across the Alpine fault 
has been released seismically. The Alpine fault appears to be 
locked and has the potential to rupture in big earthquakes in 
agreement with paleoseismic evidence for large earthquakes. 
Bern'an et aL [1999] model GPS data to show that-60 % of plate 
motion is being stored as elastic strain in the vicinity of the 
Alpine fault. The broad region of deformation east of the Alpine 
fault is marked by earthquakes (Figure 171 and is best modeled 
by numerous distributed NNE trending reverse faults, scattered 
throughout the region with a locking depth of 12 kin. The 
distributed strain across the Southern Alps is observed by the 
GPS network as far as 80 km east from the fault (Figures l 1 c, 
11 f, and l 1 j). Bern'an et al. [1999] model the long wavelength 
displacement with a NW-dipping shear zone slipping stably 
below 30 km depth, which allows the middle to lower crust to 
accom,qodate the remaining-40 % non-Alpine fault plate 
motion as distributed •iscous deformation east of the Alpine 
fault. The earthquake depths in this study are most consistent 
with distributed deformation below a 12 km thick brittle upper 
crust. 

6.6. Southern Transition Zone 

South of Jackson Bay is the transitional region between the 
Alpine fault and the Puysegur subduction zone. At the southern 
part of the Alpine fault, where the thrust component on the fault 
trace disappears, seismicity is observed on both sides of the fault, 
including numerous M > 5 events (Figures I and 111. This 
contrasts sharply with the continental collision model of oblique 
slip and eastern distributed deformation discussed in the section 
6.5. In this transition zone, crustal shortening is occurring on 
both sides of the Alpine fault, while the Alpine fault continues to 
accommodate a major portion of plate motion, evidenced b} 
palcoseismology [Sutherland and Norris, 1995]. 

With few exceptions the nodal planes of the focal mechanisms 
(Figure 181 are not parallel in strike to the trend of local 
structures. They can be modeled by a uniform stress field. The 
deep earthquakes (Figure 5) represent the northern edge of the 
subducted Australian plate. There is a relatively high level of 
seismicity in the vicinity of this edge, and the focal mechanisms 
vary widely, presumably due to small-scale complexities 
between the Australian and Pacific plates. 

7. Conclusions 

We calculated 130 focal mechanisms with a first motion and 

amplitude ratio method; 53 had well-constrained solutions. 
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Figure 19. Sketch map summarizing the different tectonic 
regions in the study area. To the north is the transition zone to 
the Marlborough fault system. Earthquakes south of the Hope 
and the Porters Pass fault zone have a high thrust component and 
accommodate part of the dip-slip convergence of the plate 
motion. Distributed deformation is observed on NNE-SSW 
trending thrust faults east of the Alpine fault, through the strike 
slip Godley River earthquake east of the Alpine fault, and on 
thrust faults at the southwestern end of the Alpine fault. The 
Alpine fault accommodates both fault-normal and fault-parallel 
plate motion. 

technique is fully exploited since owing to relatively low 
magnitudes and average station distances of 50 km, both 
amplitude ratios and first motions are necessary to constrain the 
focal mechanisms. Reliable moment tensors were determined for 
earthquakes with M,•, > 4 and demonstrate the magnitude 
threshold of this method in the New Zealand environment. 

The Alpine fault's maximum seismogenic depth is-10-12 
kin. The seismicity rate on the Alpine fault is comparable to 
locked sections of the San Andreas fault with potential for large 
earthquakes on the Alpine fault. 

The maximum depth of seismicity is fairly uniform over large 
parts of the South Island. Locally, beneath the high Alps the base 
of the seismogenic zone is possibly 3-4 km shallower. This is 
consistent with measured and modeled higher temperature east of 
the Alpine faults but indicates that the brittle-ductile transition 
zone is more uniform than predicted by current thermal models. 

The decrease of seismic activity north of Bruce Bay coincides 
with large variations in upflft rates at the Alpine fault and the 
junction of the Alpine fault with the southwest extension of the 
Porters Pass fault zone. The lack of seismicity at and near the 
Alpine fault north of Franz Josef Glacier is offset to the north 
from the region of highest uplift rate and therefore not simply 
connected with elevated temperatures. It corresponds to a major 
difference in the amount of shortening and style of uplift along 
the Alps reflected by a change in the geology and coincides with 
large fault normal contraction. 

Earthquake activity along the southwest extension of the 
Porters Pass fault zone suggests that development of secondary 
strike-slip fault zones begins in this region~ At the southwest 
extensions of the Porters Pass fault zone and the Hope fault we 
observe strike-slip mechanisms along the trend of the fault zones 
and crustal deformation in the adjacent crust with varied focal 

mechanisms which have a strong thrust component in the fault 
normal direction (Figure 19). 

Between Mount Cook and Haast, thrusting occurs on NNE 
trending faults or folds to a depth of up to 12 km. South of Haast, 
deformation is distributed between offshore and onshore regions 
(Figure 19). 

A cluster of hydrologically triggered earthquakes that 
occurred on a day of historic rainfall and flooding may represent 
gravitational failure on preexisting fault surfaces that are able to 
slip under high pore pressure. 

The stress field remains uniform throughout the study region 
and therefore indicates that strain partitioning as observed at the 
San Andreas fault [Zoback et al., 1987] is not present near the 
Alpine fault north of Jackson Bay. Evidence from geology and 
GPS measurements indicates that oblique slip on the Alpine fault 
accommodates both dip-slip and strike-slip motion of the plate 
motion vector (Figure 19). It remains uncertain if all large 
earthquake ruptures of the Alpine fault will demonstrate oblique 
slip. 
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