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Abstract A 65 km seismic reflection transect was shot in
1998 across Mackenzie Basin to Mount Cook Village, South
Island, New Zealand, to provide a detailed image of the
crustal structure in the central Southern Alps. The first 5 s
(two-way time (TWT)) of data were processed separately,
with a maximum offset of 14 km for each shot, to image the
upper 12–15 km of the crust. Data were processed as one
continuous section, although the line was physically
segmented due to an area of relatively steep topography with
no vehicular access. No major, continuous regional-scale
features >10 km are present in the data, but numerous 2–3
km scale reflections and discontinuities occur which are
consistent with the known geology of monotonous
greywacke sequences overlying schist. Strong, well-defined
reflections mark the active Irishman Creek Fault and confirm
it to be a southeasterly dipping reverse fault with c. 1300–
1700 m of Late Cretaceous–Pleistocene sediments preserved
in the footwall and an uplifted greywacke basement “high”
in the hanging wall. Some evidence exists for active faults
beneath latest Quaternary gravels at the Jollie valley and
Tekapo River. Oppositely dipping reflections and
discontinuities define a large, c. 15 km wavelength antiform
beneath Tasman valley and Mount Cook that is imaged to
10 ± 2 km depths (3.5 s TWT).

Two “end-member” interpretations are consistent with
the seismic data observations, velocity models, and
constraining features of exposed geology, and extend
existing geological cross-sections to 10–15 km depth. One
interpretation assumes imaged structures are primarily

backthrusts developed in response to distributed Cenozoic
deformation southeast of the Alpine Fault plate boundary,
incorporating features observed in contemporary geodetic
strain and numerical plate boundary models. The second
interpretation assumes structures are mostly Mesozoic, either
reactivated or preserved by late Cenozoic deformation. The
main difference between the interpretative cross-sections is
the degree to which active structures link into basal
detachment and high-strain zones at depth.

Keywords Southern Alps; seismic reflection; SIGHT;
Mackenzie Basin; faults; tectonics; deformation

INTRODUCTION

The South Island Geophysical Transect (SIGHT) project is
a multidisciplinary, multinational study of the South Island
of New Zealand with the purpose of obtaining a better
understanding of continent-continent collisional processes
across the Australian-Pacific plate boundary. During 1998,
a detailed seismic reflection survey (called SIGHT98) was
carried out in the Lake Pukaki region (Fig. 1) as part of the
SIGHT project complementing earlier experiments done in
1995 and 1996 (Davey et al. 1995, 1998; Smith et al. 1995;
Kleffman et al. 1998). The reflection survey follows a 65
km transect nearly perpendicular to the Alpine Fault plate
boundary. The survey line extends from Mt Cook Village
(26 km southeast of the Alpine Fault), down the Tasman
valley, across the Mackenzie Basin to Burke Pass (Fig. 1).
The line was positioned to traverse a prominent negative
gravity anomaly (c. 100 mgal) thought to be caused by
crustal thickening and development of a root beneath the
Southern Alps (Stern 1995).

The principal objective of SIGHT98 was to image the
Moho and crustal root. Survey parameters were chosen to
obtain the best possible information of these features,
expected to occur at depths around 40 km and greater. The
data, however, also contain information on the shallow crust,
albeit not of the quality that would be returned from a survey
designed specifically for the purpose of imaging shallow
features. This present study examined seismic reflections in
the first 5 s two-way time (TWT) of the data, corresponding
to the uppermost c. 12–15 km of crust.

Interpretation was constrained by geological
observations in rocks exposed nearby, and by modelling of
seismic velocities in the uppermost 2–3 km. The study
provides the first detailed seismic image of upper crust in
the central Southern Alps region. This paper describes
observations of features in the data and separates these from
two interpretive models/explanations. The proposed crustal
architecture presented by this paper provides important
constraints on the mode by which distributed plate-boundary
deformation may be occurring southeast of the Alpine
Fault.
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TECTONICS AND GEOLOGY

Tectonic setting

Terranes in the South Island of New Zealand have been both
offset and bent by the Pacific-Australia plate boundary
(Norris 1979; Spörli 1979; Sutherland 1995, 1996, 1999;
Molnar et al. 1999; Mortimer et al. 1999). Plate recon-
struction constrained by satellite altimetry suggests the 440–
470 km offset on the Alpine Fault accounts for c. 55% of
the late Eocene–Recent plate displacement, with c. 45%

accommodated by distributed dextral shear (Sutherland
1999). Late Quaternary strike-slip displacement rates along
the Alpine Fault (27 ± 5 mm/yr) make up 70–75% of the
fault-parallel interplate motion, and are relatively constant
compared with dip-slip rates (0 to >10 mm/yr) which are
greatest adjacent to the highest mountains (Norris & Cooper
2001). Geodetic surveys show that rocks in the immediate
vicinity of the Alpine Fault are currently storing elastic strain
energy that corresponds to 50–70% of the plate motion rate
(Pearson 1994; Pearson et al. 1995; Beavan et al. 1999).

Fig. 1 Geological map of central
South Island and location of the
SIGHT98 seismic reflection
survey. The dashed line traces the
distribution of shots and receivers
during seismic data acquisition,
whereas the solid line represents
where the acquired data were
processed to form a single line.
Major faults and the strike of
steeply dipping bedding in
basement rocks (white formlines)
are also shown. Inset: The Alpine
Fault offset and distributed dextral
bending of the Maitai Terrane
(M).
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Importantly, a significant component of both long-term and
contemporary deformation appears to be distributed in the
Southern Alps beneath the seismic reflection line.

Quaternary slip is clearly demonstrated on structures
within the Mackenzie Basin and along the southeastern
margin of the Southern Alps (e.g., Ostler and Irishman Creek
Faults). Uplift rates calculated from faulted and folded
glacial and postglacial landforms correspond closely with
those measured by geodetic survey (0.4–1 mm/yr) (e.g.,
Blick et al. 1989; Van Dissen et al. 1993), but these are a
relatively insignificant component of the total plate motion
(Lensen 1975; Walcott 1998). A major backthrust near the
drainage divide crest of the alps, the Main Divide Fault Zone,
juxtaposes rocks with different thermochronological ages
indicating significant late Cenozoic vertical displacement
(<5 Ma) (Cox & Findlay 1995). However, definitive
evidence for active fault slip and slip-rates within the central
Southern Alps is lacking—probably due to extreme erosion
rates and consequent lack of preserved tectonic features. The
presence of elevated topography and earthquakes provides
indirect yet strong evidence that at least some of the observed
contemporary deformation must be permanent in this region
(Pearson 1993; Leitner et al. 2001). Estimated uplift and
exhumation rates vary across the Southern Alps, from c. 1
mm/yr in the southeast near Lake Pukaki (beneath the
seismic line), to c. 6–10 mm/yr immediately adjacent to the
Alpine Fault where the rainfall and erosion rates are much
higher (e.g., Wellman 1979; Adams 1980a,b; Simpson et al.
1994).

Irishman Creek Fault is the only fault with a known,
active surface trace that is traversed by the seismic line (Fig.
1). It has uplifted and tilted Pliocene–Pleistocene sediments
and displaces an old glacial outwash surface (Maizels 1989;
Black 2000; Mildenhall 2001). Irishman Creek Fault is
interpreted to be a reverse fault dipping c. 55° to the southeast
with a vertical slip rate of c. 0.6 mm/yr (Fox 1987; Chetwin
1998). It is possible that other active faults and folds lie
buried beneath young glacial deposits with no surface
expression. One objective of this study was to delineate any
such faults in the subsurface.

Permian–Triassic basement lithology and structure
Rocks forming the mountain ranges either side of the seismic
line are mostly mid–late Triassic greywackes of the Torlesse
Terrane, with Permian sequences occurring in the south and
east about Burke Pass (Gair 1967). They comprise
compositionally monotonous sandstone, interlayered with
siltstone and argillite in submarine-fan-type sequences, with
rare red and black argillites and conglomeratic units. Bedding
is typically <1–50 m scale, with large-scale variations in
lithological proportions at c. 1 km and c. 3 km scales that in
places are pronounced enough to define lithological
associations or units (e.g., Spörli et al. 1974; Hicks 1981;
Oliver et al. 1982).

Bedding in the vicinity of the seismic line is moderate
to steeply dipping (60–90∞). A marked swing in average
strike occurs along the line from dominantly NW–SE in the
southeast, through N–S to NNE–SSW in the northwest (Fig.
1). The swing in strike matches the geometry and bending
of terrane boundaries in the southern part of the South Island
(Fig. 1 inset) (Spörli 1979). By analogy with arguments
presented by Spörli (1979) and Sutherland (1999), basement
rocks at the southeastern end of the seismic line are near to

their original Mesozoic orientation, whereas those closer to
the Alpine Fault probably have a Cenozoic overprint
associated with distributed plate-boundary deformation. In
addition to regional variation, bedding swings in orientation
locally at 1–4 km scales about steeply plunging folds and
across faults (Fig. 1) (Spörli & Lillie 1974; Spörli et al. 1974;
Findlay & Spörli 1984). There is considerable variation in
the angular relationship between basement rocks and the
seismic line as a result of (1) regional bending, (2) kilometre-
scale folds, and (3) subtle changes in direction of the seismic
line. Parts of the seismic line are oriented at a high angle to
bedding, whereas others are nearly parallel, which may in
part explain variations in the signal:noise ratio in the
reflection data.

Faults are abundant within the Torlesse greywackes (e.g.,
Spörli & Lillie 1974; Cox & Findlay 1995). Many are
subparallel to bedding, others result in small angular
discordance between beds, and less commonly major faults
result in marked changes in orientation of bedding. The
majority of regional-scale faults exposed in mountain ranges
either side of the seismic line are moderate or steeply
dipping, with NNE–SSW striking traces (Fig. 1) (Cox &
Findlay 1995). Faults are commonly spaced (horizontally)
with frequencies c. 2 and c. 6 km, resulting in relatively
continuous, coherent blocks that are c. 1 and c. 5 km thick
(Fig. 1). The age of faults is poorly known, and can generally
only be inferred depending on the nature of fault rocks (e.g.,
assemblages of mineral growth, or clay gouge, breccia and
cataclasite versus more ductile fabrics) (Spörli 1979). The
faults show a complete range in age from syn-sedimentary/
syn-accretionary faults to others associated with Mesozoic
tectonics and metamorphism, to more recent faults associated
with late Cenozoic uplift of the Southern Alps. Evidence
for late Cenozoic fault reactivation is widespread (Spörli
1979; MacKinnon 1983) with clay-rich pug zones and
cataclasites overprinting earlier Mesozoic fault rocks with
metamorphic quartz+chlorite assemblages.

Differential erosion and exhumation across the Southern
Alps have exposed metamorphic transitions across the South
Island that are almost parallel to the Alpine Fault (Grapes &
Watanabe 1992). Non-schistose prehnite-pumpellyite facies
greywackes form the mountains in the southeast and the area
beneath the seismic line, pass through to greenschist facies
semischists at and immediately west of the Main Divide,
and then to amphibolite facies schists immediately adjacent
to the Alpine Fault (Fig. 1). The geology across the South
Island approximates a structurally disrupted section down
through the upper crust, rotated by Cenozoic collision, with
the deepest rocks exposed beside the Alpine Fault in the
region of greatest exhumation and total uplift.

The geological section beneath the seismic line can be
inferred from differentially uplifted rocks exposed across
the South Island, by applying a knowledge of expected
pressure and temperature conditions at different meta-
morphic grades (Grapes & Watanabe 1992) and assuming a
geothermal gradient (e.g., 30∞C/km). The expected vertical
profile of different rock types is outlined in Table 1, with
depths recalculated into seismic two-way travel times using
a 5.0–6.5 km/s velocity range that has been experimentally
measured for these rock types (Garrick & Hatherton 1973;
Okaya et al. 1995; Godfrey et al. 2000). Fission tracks in
apatite and zircon help to constrain the section in Table 1.
Basement rocks at the northwesternmost end of the seismic
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line (Mt Cook Village) contain apatites with totally healed
fission tracks indicating rocks were at >125∞C (Gallagher
et al. 1998) or depths of 3–5 km (corresponding to 1–2 s
depths TWT) before late Cenozoic uplift (Tippett & Kamp
1993a,b). Apatite fission tracks are partially annealed in
rocks for the next 10 km southeast (i.e., uplifted from <125∞C
temperatures and slightly shallower depths) (Tippett & Kamp
1993a,b). Annealed zircons occur in the hanging wall of the
Main Divide Fault Zone, only 3 km northwest of the seismic
line (Cox & Findlay 1995). Late Cenozoic exhumation of
these rocks has occurred from c. 175 to 250∞C (Gallagher
et al. 1998) (i.e., depths of c. 5 km or seismic depths of c.
1.3–2.8 s TWT, assuming 30∞C/km geothermal gradient,
velocities of c. 5.5–6.0 km/s). A considerable shallowing of
the geological section in Table 1 is expected toward the
northwestern end of the seismic line.

Belts of cleaved greywacke and semischist c. 2 km thick
also crop out near the southeastern end of the seismic line
near Burke Pass in the Rollesby and Two Thumbs Ranges,
where they are unconformably overlain by Late Cretaceous–
Miocene sediments. The unconformable relationship
indicates some semischist belts southeast of the Main Divide
were uplifted before the Tertiary, presumably associated with
Mesozoic tectonics.

Late Cretaceous–Miocene sequence
A cover sequence of Late Cretaceous–Miocene sedimentary
rocks is exposed east of the seismic line forming the
Canterbury Basin of South Canterbury and North Otago,
which lies unconformably on both Torlesse greywackes and
semischist (Field et al. 1989). In the vicinity of the seismic
line, there are isolated non-marine remnants preserved in
fault zones but no significant exposures of the sequence (Gair
1978). However, there is potential for Late Cretaceous–
Miocene sediments to underlie the seismic line in Mackenzie
Basin, buried beneath Pliocene–Pleistocene and late
Quaternary fluvioglacial gravels and moraines.

The sequence in South Canterbury to North Otago
records Late Cretaceous–Oligocene transgression followed
by a Miocene regression in a passive margin setting. The
total thickness of the sequence does not exceed 1 km and
appears to thin from east to west (Gair 1978; Field et al.
1989). If Late Cretaceous–Miocene sediments are present
beneath the seismic line, it is likely they will be less than
1 s TWT thick (assuming 2 km/s minimum velocity, 1 km
maximum thickness), very probably <0.5 s TWT thick.

Pliocene–Pleistocene gravels
Passive margin deposition ceased in the South Canterbury
region with the influx of terrestrial Pliocene–Pleistocene
gravels of the Kurow Group (Field & Browne 1986), which
mark the onset of uplift and erosion of the Southern Alps.
In the vicinity of the seismic line, Kurow Group sediments
comprise: (1) basal clay-rich carbonaceous mudstones,
pebbly sandstones, and coal measures, formed in lacustrine
and/or meandering river setting with little topographic relief;
overlain by (2) coarse-grained, fluvial and fluvioglacial
gravels interbedded with minor lithic-rich sandstone beds
(Black 2000; Mildenhall 2001). These terrestrial sediments
are typically moderately well indurated or cemented, folded,
and faulted to moderate and locally steep dips. There are no
continuous stratigraphic sections exposed near the seismic
line. Prior to faulting, folding, and erosion, Kurow Group
sediments probably formed a relatively continuous, but
laterally variable, sequence across the Mackenzie Basin
analagous to the current deposition of fluvioglacial gravels,
tills, and lacustrine sediments. Local, incomplete sections
are up to 200 m thick, but based on exposures elsewhere in
Canterbury (Field & Browne 1986), the Kurow Group may
have locally exceeded 500 m. In the absence of detailed
palynological studies, tilted dip is the primary method of
distinguishing these Pliocene–Pleistocene gravels from
younger, late Quaternary sediments, which are lithologically
identical.

Table 1 Geological section beneath the seismic line inferred from differentially uplifted rocks exposed across the South Island, by
applying a knowledge of expected pressure and temperature conditions at different metamorphic grades (Grapes & Watanabe 1992)
and assuming a geothermal gradient (e.g., 30ºC/km). Depths are recalculated into seismic two-way travel times using the 5.0–6.5 km/s
velocity range experimentally determined for these rocks.

Metamorphism and mode Expected depth
of deformation Dip and structure (TWT)

Greywacke Prehnite-pumpellyite facies, Steep or moderate dip. Folds 2–6 km Surface–2 s
220–320°C. Base of apatite across with isolated hinges. Faults
fission track annealing zone spaced 1 or 5 km.
c. 125°C (c. 1–2 s TWT).
Brittle faulting.

Semi-schist Pumpellyite-actinolite facies. Cleavage and bedding mostly parallel. 1.5–3 s
Base of zircon fission track Homoclinal with moderate or shallow
partial annealing c. 175–250°C dip. Possible open folds at 2 km. May
(c. 2–3 s TWT). Faulting and have numerous brittle shears.
solution transfer.

Low-grade schist Greenschist facies, 320–420°C. Flat-lying foliation? Numerous small 2.8–4 s
Fabrics mostly the result of scale buckle folds. Larger folds and
deformation by solution transfer. shears expected.

High-grade schist Biotite zone, greenschist facies, Flat lying schistosity with shear zones. >4 s
420–480°C. Fabrics predominantly
the result of deformation by
crystal-plastic recrystallisation.
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Late Quaternary fluvioglacial gravels
Late Quaternary alluvium and glacial tills cover the region
crossed by the seismic line. The deposits can be highly
localised with considerable lateral variation of internal
character. They record at least five glacial advances, as tills,
alluvial outwash, and lake sediments (Speight 1963; Gair
1967; Maizels 1989; Suggate 1990).

The thickness of late Quaternary sediment is poorly
constrained. In the Tasman and Hooker valleys, it is unlikely
to be >800 and 300 m, respectively, based on valley width
and projected mountain slope profiles. A velocity model
using arrival times from wide-angle reflections in refraction
seismic data suggested these gravels thicken significantly
along the shores of Lake Pukaki, from c. 600 m at the north
end to c. 800 m (just below sea level) at the south end of the
lake (Kleffman et al. 1998). Thickness in the Mackenzie
Basin is more uncertain, but is expected to be <1 km, based
on topography and sediment fill in the glacially carved lakes
(Pickerill & Irwin 1983; Kleffman et al. 1998; P. Upton pers.
comm).

DATA AND OBSERVATIONS

Seismic data acquisition and processing
The seismic data were acquired by GECO-Prakla in February
1998, along the northwest–southeast survey line shown in
Fig. 1. The survey line was divided into two sections, with
a gap occurring in an area of steep topography where no
vehicular access was possible. A total of 181 shots were
detonated along the survey line, shown as dashed lines in
Fig. 1. Large 50 kg powergel shots were placed at 1 km
intervals and buried 20 m deep. Smaller shots of 2.5 kg,
buried 3 m deep, were located 250 m on either side of each
large shot. Shot triggering was keyed on GPS time, to allow
secondary piggy-back arrays to trigger without the need for
direct radio communication. A total of 1000 geophone
receiver group positions were used to record the shots, with
a group spacing of 40 m. The number of recording channels
for any one shot varied from a minimum of 400 to a
maximum of 870. The maximum array aperture was nearly
35 km and the maximum shot receiver offset c. 30 km,
primarily targeting deep crustal structure. The raw seismic
data for each shot were recorded to 30 s time, at a 2 ms
sampling rate.

Processing of the seismic data followed the sequence
shown in Table 2. Data were processed as one continuous
section by tracing the highest concentration of common
midpoints (Fig. 1, solid line). Since the seismic survey
geometry was primarily designed to image deep structure
(c. 30–40 km depth) beneath the Southern Alps, it was a
challenge to retrieve clear consistent shallow reflections in
the upper 5 s of data. There were also some attenuation
problems resulting from the Quaternary sedimentary cover.
For this study of the shallow structure, the recorded seismic
data were re-sampled at the start of processing, to involve
only data with a maximum offset of 14 km from each shot.

Noisy traces and refracted energy were muted inter-
actively, together with the airwave from the shots. Static
corrections were also applied to correct for elevation and
surface layer variation. Additional pre-stack processing
included application of Wiener deconvolution, and a
frequency domain bandpass filter. The frequency filtering

and deconvolution parameters were determined using panel
tests. Velocity analysis was carried out using both semblance
and constant velocity stacks and was performed iteratively
before and after residual static determination. The final
stacked section is shown in Fig. 2. The final stack was
subjected to different sequences of post-stack processing,
each providing enhancement of a particular feature (Fig. 3,
4). Interpretations were made using a combination of these
post-stack processed sections.

Observations from seismic data
The experiment has not imaged any major regional-scale
reflections or discontinuities in the uppermost 5 s TWT. This
lack of regional-scale features is consistent with the known
geology of the shallow crust, composed of steeply dipping
greywacke sequences overlying schists that have few
variations in lithology and seismic velocity. The experiment
did, however, image a number of subtle smaller scale
features. Three types of observations were mapped on the
data:

(1) Strong, well-defined reflections (thick, solid lines in Fig.
2C, 3, 4), which are laterally continuous for 2–3 km and
can be observed in all post-stack processing routines.
Some of these can also be seen in the original shot data;

(2) Strong discontinuities in the data (medium, solid lines
in Fig. 2C, 3, 4), and trends in reflections/reflectivity
that have a marked change in orientation. The discon-
tinuities can generally be observed in all post-stack
processing routines;

(3) Relatively weak, discontinuous reflections and trends in
the data (thin, dotted lines in Fig. 2C; thin, solid lines in
Fig. 3, 4), which can only be observed in some selected
post-stack processing routines. They are more subjective,
but can be related to known features observed in the
geology.

The well-defined reflections and discontinuities are
mostly continuous only over 2–3 km and no features could
be traced with confidence for more than 10 km. The
reflections and discontinuities are thought to image mostly
(1) bedding or schistosity in Torlesse greywackes and schists,
particularly where kilometre-scale facies changes and
contacts occur between sandstone- or mudstone-dominated

Table 2 Seismic data processing sequence. Note that minor
additional filtering may have occurred during electronic
reproduction for diagrams in this paper.

Demultiplex of field records
Geometry inserted into trace headers
Elevation and refraction-layer static application
Edit of noisy traces
Mute of shot-related airwave
Offset-varying Wiener deconvolution (Filter length 500 ms,
    gap 24 ms).
Spatially varying bandpass filter: (9–13–40–50 Hz)
Surgical mute of first break and refraction energy
Iterative velocity analysis using semblance and CVS panels
Iterative residual static calculation and application
500 ms AGC as trace amplitude equalisation
NMO application
51-fold normalised stack
Application of a (FX-domain) post-stack coherency filter
1000 ms AGC before final plot
Trace sum (2:1) for plotting
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units, or (2) faults that juxtapose rocks of different
metamorphic grade, lithology, or orientation.

At the northwestern end of the line, beneath the Tasman
valley, there is an antiformal pattern defined by a change
from northwesterly to southeasterly dipping reflections and
discontinuities (Fig. 4). The crest of the “antiform” occurs
at c. 1.2 s TWT corresponding to c. 3 km in depth-converted
sections. The feature can be observed at least as deep as 3.5
s in the data (10 ± 2 km depth) and appears to have a
horizontal half-wavelength of c. 15 km. The antiform shape

(shown with respect to two-way time in Fig. 4, not true
depth) cannot be attributed to “pull-up” or large-scale local
variation in seismic velocity, because cover sediments are
restricted to thin Quaternary gravels of relatively uniform
thickness at a regional-scale. Instead, the antiform is thought
to be a real feature representing a change in the geometry of
rock sequences and faults.

In the centre of the line, there are some prominent
southeastward-dipping reflections and discontinuities that
extrapolate up to the surface trace of the Irishman Creek

Fig. 3 Seismic reflection data across Irishman Creek Fault in four NW–SE sections displayed with different post-stack plotting
parameters. A, Wiggle trace plot with relatively high gain, low percentage bias shading. B, Wiggle trace plot with medium gain,
high percentage bias shading. C, Variable area plot with low percentage bias shading. D, Variable area plot with high percentage
bias shading, overlain by key observations used in the interpretation.
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Fig. 4 Seismic reflection data at the northwestern end of the line, from Hooker valley across Tasman valley to the mouth of the Jollie
valley. Two variable area NW–SE sections are displayed with different plotting parameters. A, Low percentage bias shading. B, High
percentage bias shading, overlain by key observations used in the interpretation.
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Fault trace (Fig. 3). The strong reflections are thought to
image the fault plane and sediments dipping toward the
southeast, confirming the dip direction suggested by the fault
scarp and gravity modelling (Fox 1987; Chetwin 1998). The
strong reflectivity is likely due to marked changes of velocity
between fluvioglacial gravel deposits, inferred Late
Cretaceous–Miocene sediments, and basement Torlesse
greywacke (see Smith et al. 1995; Langdale & Stern 1998
and references therein).

Individual discontinuities in the uppermost 3 s TWT also
show some marked small-wavelength changes in orientation.
The most prominent occur immediately northwest and below
the Irishman Creek Fault and 10 km southeast of the
Irishman Creek Fault where discontinuities and reflections
that appear to trace prominent fold-like patterns at both 1–
2 and c. 5 km scales (Fig. 2). On the whole, however, the
observed features are relatively planar, and those in the 3–5 s
range, albeit more poorly defined, have an appearance of
being relatively flat-lying compared with the shallower
equivalents. The only well-defined features observed in the
deeper data are a series of strong reflections at the very
southeastern part of the line between 3 and 4 s (Fig. 2) which
correspond to features at 9–12 km depth—approximately
the depth of the base of the present-day seismogenic zone
in this area (Leitner et al. 2001).

VELOCITY MODELLING

Background and methods
Late Quaternary and Pliocene–Pleistocene gravels are
lithologically indistinguishable and are unlikely to be able
to be distinguished in terms of seismic velocity. The other
principal geological units traversed by the seismic line,
however, appear to have distinct seismic velocities. Late
Quaternary and Pliocene–Pleistocene fluvioglacial gravel
deposits have measured and interpreted velocities in the
range of 2–2.6 km/s at 500–1500 m depth (Smith et al. 1995;
Stagpoole 1997; Langdale & Stern 1998). Late Cretaceous–
Miocene sediments have measured and interpreted velocities
in the range 2.1–3.5 km/s at 500–1500 m depth. In
comparison, basement Torlesse greywackes and schists have
been measured in the laboratory to have velocities of 5.0–
6.5 km/s (Smith et al. 1995; Okaya et al. 1995; Stagpoole
1997; Langdale & Stern 1998; Godfrey et al. 2000). Because
the seismic velocities of the formations are relatively distinct,
velocity models can provide a proxy for the geology and
aid seismic interpretation.

The velocity structure was estimated using the finite
difference tomographic inversion method of Hole (1992),
in which the non-linear travel time equations are solved
iteratively. For such an iterative scheme, the initial velocity
conditions can sometimes play an important role. A variety
of initial velocity conditions were created by analysing the
first breaks within the shot gathers, but all converged to
similar velocity models. Although the technique can be used
in three dimensions, it was applied in two dimensions only
for this study by projecting source and receiver co-ordinates
onto a 2D grid and carrying out appropriate corrections to
travel times. The forward computation of travel times was
carried out using the finite difference travel time code
described in Hole & Zelt (1995), in which raypaths are
computed by following the gradient in travel time from the
receiver to the source.

A velocity model (Fig. 5) was created using 94 shots in
the southeastern segment of the survey and 73 shots from
the northwestern segment. There were a total of 21 950
refracted Pg arrivals. The inversion model was parameterised
using 0.1 km cells, and the final velocity model was obtained
after five iterations. The travel time r.m.s. decreased from
0.32 s (for a 1D starting model) to 0.08 s for the final model.
The model provides information to depths of c. 4 km below
sea level, but is subject to much greater errors and
uncertainties at depth, so only the shallowest 3 km (i.e.,
depths of 2000 m below sea level) are thought to be reliable.

Interpretation
Modelling of the reflection data gives velocities ranging from
2.0 to 6.0 km/s for both the southeast and northwest line
segments (Fig. 5). There is a gradual increase in velocity
with depth. A similar gradient is present in seismic velocity
models generated by inversion of local earthquake and active
source data (Davey et al. 1998; Eberhart-Phillips & Bannister
2002). The distribution of modelled velocities agrees closely
with shallow structure predicted independently from
geological mapping.

In models from this study, the slowest velocities
(<2.6 km/s) form a thin layer across the top of the models
and are interpreted to represent late Quaternary and
Pliocene–Pleistocene fluvioglacial gravels. Thicker regions
(c. 500 m) of material with low velocity occur in the vicinity
of the Tasman valley, beside Lake Pukaki, in the footwall of
the Irishman Creek Fault, and in the vicinity of Tekapo River
(Fig. 5).

Significant regions with velocities of 2.6–3.5 km/s occur
in the Mackenzie Basin in the footwall northwest of Irishman
Creek Fault, suggesting between 800 and 1200 m of Late
Cretaceous–Miocene sediments are preserved beneath 500 m
of Pliocene–Pleistocene gravel. Velocities of 2.6–3.5 km/s
also occur at depth beneath Tekapo River, suggesting
c. 600 m of Late Cretaceous–Miocene section may be
preserved beneath the late Quaternary river gravels.

Velocities >4 km/s map the distribution of basement
Torlesse greywacke and schist. These different rock types
can be anisotropic by as much as 17% and have wide ranges
in velocity (Garrick & Hatherton 1973; Okaya et al. 1995;
Godfrey et al. 2000), making them difficult to distinguish
in velocity models. Relatively elevated velocities (>4 km/s)
occur close to the surface at the southeastern end of the
model, consistent with the local geology at Burke Pass where
there are very thin alluvial fans mantling exposed ridges of
greywacke and semischist basement.

Gravity data were collected in the same position as the
seismic survey line (Chetwin 1998). The gravity observ-
ations and modelling provide an independent check of
sediment thickness variations predicted by velocity models.
Residual gravity data show marked steps every 4–6 km down
the Tasman valley, with local anomalies that reflect
shallowing of basement and/or thickening of gravels. Gravity
data steps are located in the same position where >4 km/s
(i.e., basement) velocities shallow in velocity models.
Gravity data also show a local negative anomaly across the
Irishman Creek Fault, with a shape indicating the presence
of relatively low-density rocks in the footwall and relatively
high-density basement rocks near the surface in the hanging
wall. Velocity model evidence corroborates the gravity
model for thick sequences of medium velocity, Late
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Cretaceous–Miocene sediments preserved in the footwall of
Irishman Creek Fault.

SEISMIC REFLECTION INTERPRETATIONS

Context
A number of 2D and 3D models have recently been published
that claim to approximate continental collision across the
Southern Alps. Some consist of finite-element solutions
using complex but realistic rheologies (Braun & Beaumont
1995; Beaumont et al. 1996; Batt & Braun 1997, 1999;
Koons et al. 1998), while others use analytical and numerical
applications of critical-wedge theory (Koons 1990, 1994;
Enlow & Koons 1998), and others are experimental sand-
box analogues (Koons & Henderson 1995). The models are
able to reproduce the mean topographic shape of the
Southern Alps and provide a context for the interpretation
of many of the observed structural features using
relatively simplistic boundary conditions. Importantly,
modelling suggests a close relationship exists between
tectonics and first-order topography (>15 km wave-
length), and that local structure and strain may be related
to, and can be predicted by, the mechanics of deformation
(Koons 1994, 1995).

Models extended into three dimensions predict that
strike-slip and convergent components of shear strain should
vary differently as a function of distance from the Alpine
Fault (Koons 1994; Braun & Beaumont 1995; Koons &
Henderson 1995; Enlow & Koons 1998; Koons et al. 1998).
Such partitioning is now suggested to have occurred during
both late Quaternary and contemporary deformation (Beavan
& Haines 2001; Norris & Cooper 2001). The modelling
predicts different regions of characteristic deformation and
corresponding tectonic style will occur within the collisional
orogen (Koons 1990, 1994). These have been used to place
structural, thermochronological, geochemical, and geo-
physical observations into a present context (e.g., Koons et
al. 1998; Templeton et al. 1998; Batt & Braun 1999; Upton
et al. 2000; Wannamaker et al. 2002). Critical wedge models
of Koons (1990, 1994), for example, predict inboard (near
Alpine Fault) and outboard (east of Main Divide) structural
zones. The seismic line lies across the outboard zone, which
the Koons models predict should include steeply dipping
oblique thrusts that sole into a major westerly dipping
detachment fault.

Numerical and analogue modelling has not yet examined
the effects of any lateral variations in rheology that may be
present, and it is difficult to extend models realistically over
multiple deformation events. Passive seismic experiments

Fig. 5 Velocity models derived from finite difference tomographic inversion using the first breaks of the shot gathers from the seismic
survey. Velocities <2.6 km/s are interpreted to be late Quaternary and Pliocene–Pleistocene fluvioglacial gravels. Velocities of 2.6–3.5
km/s are believed to represent Late Cretaceous–Miocene sediments. Velocities >4 km/s represent basement Torlesse greywacke and
schists.
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have demonstrated anisotropy in geophysical properties
beneath the Southern Alps (Davey et al. 1998; Eberhart-
Phillips & Bannister 2002; Wannamaker et al. 2002) that
may mark changes in mechanical/deformation properties.
Anisotropy caused by pre-existing faults, bedding, or
different rock types, for example, is likely to have been
present before formation of the Pliocene–Recent Southern
Alps.

Field mapping indicates that considerable deformation
and reorganisation of Torlesse greywackes occurred during
Mesozoic as well as Cenozoic tectonism (Spörli et al. 1974;
Spörli 1979; Ward & Spörli 1979; MacKinnon 1983; Findlay
& Spörli 1984; Cox & Findlay 1995; Becker & Craw 2000).
Earliest deformation probably occurred shortly after
deposition (Permian to Late Triassic), in places before rocks
were completely lithified, and was followed by pre- and syn-
metamorphic deformation events during Jurassic to Late
Cretaceous before the late Cenozoic formation of the alps.
Local structural histories generally involve imbrication,
folding, and tilting along horizontal fold axes, followed by
refolding around steeply plunging axes, then latest
movements on brittle faults. The metamorphic peak in
adjacent Alpine Schist, and corresponding development of
pervasive foliation and isograds, also occurred before the
modern phase of oblique convergence and uplift (Little et
al. 2002 and references therein). Although the Alpine Schist
was tilted and structurally reorganised during the late
Cenozoic (Cox et al. 1997), schist fabrics contain only a
minor penetrative neotectonic overprint (Little et al. 2002).

Seismic reflection studies image the present-day
distribution of different rock types and structure, which is
the end result of a considerably longer geological history
than the present (instantaneous) convergence addressed by
numerical and analogue modelling. The northwestern end
of the Mackenzie Basin seismic line images a region where
bedding has been rotated into a north–northeast strike (Fig.
1), and the geology appears to be dominated by active and/
or late Cenozoic faulting (Cox & Findlay 1995). In contrast,
the southeastern end of the seismic line crosses the
Mackenzie Basin, from a region where bedding strikes
northwest in an apparently Mesozoic orientation. Active fault
traces are present in the southeast, but late Quaternary
displacement rates are about an order of magnitude lower
than in the high alps. It is unclear the extent to which the
geological “architecture” along the seismic line (i.e., the
geometry and distribution of different structures and rock
types) is dominated by Cenozoic or Mesozoic tectonics.

Approach of this study
Two end-member interpretations are presented below. The
first is based on an assumption in which the crustal
architecture predominantly reflects Cenozoic processes
associated with distributed deformation southeast of the
Alpine Fault. The second is based on an assumption in which
the crustal architecture is predominantly the result of
Mesozoic tectonics, with only minor readjustment and
overprint by Cenozoic deformation. Both interpretations can
satisfactorily account for the geophysical and geological
observations.

In both interpretations, the observed reflections and
discontinuities in the seismic data are considered to be either
faults, depositional contacts between units with significant
lithological contrast, or faulted contacts. The interpretative

geological section from Table 1 was used in both models.
The major difference between the two interpretations is how
the active structures are inferred to link into basal
detachments and high-strain zones at depth.

Interpretation 1: Cenozoic architecture

The seismic interpretation presented in Fig. 6A fits surface
geology and reflection observations (Fig. 2C) to the principal
features of contemporary 3D plate boundary collisional
models (Koons 1994, 1995; Braun & Beaumont 1995; Koons
& Henderson 1995; Enlow & Koons 1998; Koons et al.
1998) and earlier conceptual models of the Southern Alps
(Wellman 1979; Norris et al. 1990).

These 3D models have variations in the strike-slip and
convergent components of shear strain, which were used by
Koons et al. (1998) to define four regions: (1) an outboard
(eastern) region of oblique overthrusting where material is
incorporated into the active orogen; (2) a detachment or high-
strain zone at the base of the deforming zone, backthrusting
in the opposite direction to motion across the plate boundary;
(3) a transitional (Main Divide) region dominated by angular
strain with minor contraction and extension; and (4) an
inboard (western) region of concentrated strain, rapid uplift,
and exhumation adjacent to the plate boundary. The seismic
transect can be placed in this context on the basis of
measured variations in contemporary strain (Beavan &
Haines 2001). The seismic line traverses from where
contemporary strains have outboard characteristics (in the
southeast) through the transitional region to the eastern side
of the inboard region (northwest). The basal detachment/
high-strain zone is interpreted to occur at approximately the
same depth, or slightly deeper, than the 12 ± 2 km base of
the seismogenic zone (Leitner et al. 2001).

The active Fox Peak Fault (just to the east of the survey
line) lies in the outboard region of the orogen, and is inferred
in this interpretation to shallow at depth into a low angle,
westerly dipping detachment fault. Active deformation
occurs at least 40 km farther east, along the edge of the
Canterbury Plains, where contemporary strain is accum-
ulating (Beavan et al. 1999) and active fault traces and
anticlines have been mapped (Oliver & Keene 1989; Cox
1995; Barrell et al. 1996). An active fault shown beneath
the Fox Peak Fault is inferred to link to structures at the
eastern side of the orogen along the edge of the Canterbury
Plains.

A northwesterly dipping fault with a trace in the vicinity
of Tekapo River is drawn through a series of strong near-
surface reflections and weaker discontinuities at depth.
Although there is no trace of this structure across the recent
alluvial river terraces, older glacial outwash surfaces (Wolds
and Balmoral age; Maizels 1989) nearby are warped by
anticlines (D. Barrell, GNS unpubl. mapping), which are
likely to be the surface expression of active fault slip at depth.
The distribution of cover sediments, as evidenced by velocity
models (above), suggests a protracted history of movement
with reactivation likely on this fault.

The Irishman Creek Fault provides a challenge to this
interpretation, which seeks an explanation for faults in terms
of the late Cenozoic deformation field only. Strong seismic
reflections corroborate gravity modelling and evidence from
the orientation of Pliocene–Pleistocence sediments exposed
in the hanging wall (Fox 1987; Chetwin 1998) to provide
clear indication of a southeast dip (Fig. 3). The fault has a



32 New Zealand Journal of Geology and Geophysics, 2003, Vol. 46

F
ig

. 6
In

te
rp

re
ta

ti
on

 o
f 

up
pe

r 
cr

us
ta

l s
tr

uc
tu

re
 b

as
ed

 o
n 

se
is

m
ic

 r
ef

le
ct

io
n 

ob
se

rv
at

io
ns

, v
el

oc
it

y 
m

od
el

li
ng

, a
nd

 g
eo

lo
gi

ca
l c

on
st

ra
in

ts
. T

he
 v

ar
io

us
 s

ha
de

s 
of

 s
ch

is
t a

nd
 g

re
yw

ac
ke

 r
ep

re
se

nt
th

e 
va

ry
in

g 
de

gr
ee

s 
of

 m
et

am
or

ph
is

m
. T

he
 th

ic
k 

bl
ac

k 
li

ne
s 

re
pr

es
en

t i
nf

er
re

d 
ac

ti
ve

 f
au

lt
s;

 th
e 

da
sh

ed
 b

la
ck

 li
ne

s 
re

pr
es

en
t i

nf
er

re
d 

in
ac

ti
ve

 f
au

lt
s.

A
, S

tr
uc

tu
re

 d
er

iv
ed

 s
ol

el
y 

by
 C

en
oz

oi
c

pr
oc

es
se

s.
 T

he
 f

au
lt

s 
to

 t
he

 s
ou

th
ea

st
 a

re
 i

nt
er

pr
et

ed
 t

o 
be

 b
ac

kt
hr

us
te

d 
of

f 
a 

de
ep

er
 d

et
ac

hm
en

t 
fa

ul
t. 

T
he

 a
nt

ic
li

na
l 

fe
at

ur
e 

on
 t

he
 n

or
th

w
es

te
rn

 e
nd

 i
s 

in
fe

rr
ed

 t
o 

be
 a

 r
eg

io
na

l 
sc

al
e 

fo
ld

 i
n

w
hi

ch
 th

e 
no

rt
hw

es
te

rn
 li

m
b 

is
 c

om
pr

is
ed

 o
f 

ac
ti

ve
 w

es
te

rl
y 

di
pp

in
g 

fa
ul

ts
.

B
, S

tr
uc

tu
re

s 
fr

om
 th

e 
M

es
oz

oi
c 

ar
e 

pr
es

er
ve

d 
an

d 
re

ac
ti

va
te

d 
du

ri
ng

 C
en

oz
oi

c 
de

fo
rm

at
io

n.
 T

he
 e

xp
la

na
ti

on
 f

or
th

e 
an

ti
fo

rm
 i

s 
th

e 
sa

m
e 

as
 d

es
cr

ib
ed

 a
bo

ve
, b

ut
 t

he
 M

es
oz

oi
c 

st
ru

ct
ur

es
 o

n 
th

e 
so

ut
he

as
te

rn
 l

im
b 

ha
ve

 b
ee

n 
ti

lt
ed

 b
y 

fo
ld

in
g.



33Long et al.—Crustal structure, central South Island

known southeast side up, reverse displacement. The dip
direction is at odds with the expected orientation of late
Cenozoic faults southeast of the Alpine Fault (Davey et al.
1998), which commonly dip to the northwest and are
downthrown toward the southeast (Cox & Findlay 1995).
In the interpretation of Fig. 6A, the Irishman Creek Fault is
shown as a backthrust from the Tekapo River Fault (i.e., a
shallow backthrust from a backthrust off the Alpine Fault,
similar to faults in the cartoon interpretation of Norris et al.
(1990)). This interpretation implies significant slip
partitioning from the Tekapo River Fault onto the Irishman
Creek Fault and probably out-of-section displacement, since
there is no major change in geometry of the Tekapo River
Fault at its intersection with the Irishman Creek Fault.

The northwestern side of the seismic line crosses the
mouth of the Jollie valley, which is a major, 20 km northeast-
trending topographical lineament. The valley has the same
orientation as recently mapped faults farther along-strike,
and was inferred from geological mapping to be fault
controlled, although no fault has been observed owing to
thick Quaternary sediment cover (Fig. 1) (S. Cox, GNS
unpubl. data; Spörli et al. 1974). Other supporting evidence
for a major fault includes: (1) a significant change in
character of the contemporary strain field across the valley,
with an increase in shortening rates toward the west (Beavan
et al. 1999); (2) marked steps in gravity data adjacent to the
valley (Chetwin 1998), indicating shallowing of basement
northwest of the valley mouth; and (3) partially or fully
annealed apatite fission tracks in basement rocks northwest
of the valley (Tippett & Kamp 1993a,b), indicative of a
difference in exhumation northwest and southeast of the
valley. A steeply dipping, dominantly strike-slip fault is
drawn in the vicinity of the Jollie valley and is interpreted
to reflect the change from a transitional tectonic region of
relatively low contemporary strains into much higher strains
and corresponding uplift of the inboard (western or central)
zone.

The antiformal geometry of reflectors and discontinuities
at the northwestern end of the seismic line is inferred to be
a regional-scale fold (Fig. 4, 6A). Its northwestern limb is
interpreted to comprise active, westward dipping faults
which breach the surface and are equivalents of the Great
Groove Fault and Main Divide Fault Zones exposed nearby
(Lillie & Gunn 1964; Spörli 1979; Cox & Findlay 1995;
Cox et al. 1997). At depth, active faults in the northwestern
limb of the antiform are shown to detach and delaminate
different layers of semischist and schist, similar to
postmetamorphic faults now uplifted and exposed in Alpine
Schist (Craw et al. 1987, 1994; Cox et al. 1997). The
southeastern limb of the antiform is interpreted to comprise
older Mesozoic contacts and faults that have been steepened
into an easterly dip by differential uplift. Some of these may
have been low-angle shear zones/detachment faults active
in the outboard part of the orogen, but are now being folded
as they are being shifted closer to the Alpine Fault.

The trend of the antiform hinge cannot be determined
from the seismic section, but can be inferred by correlation
between its axial position and a low seismic velocity zone
identified by passive seismic experiment (Eberhart-Phillips
& Bannister 2002). The low-velocity zone trends 040,
oblique to the Alpine Fault, and the antiform is thought to
have a similar trend. The 040 trend is near-orthogonal to
the direction of maximum geodetic shortening (Beavan et

al. 1999) and is consistent with the notion of an actively
growing fold.

Interpretation 2: Mesozoic architecture with Cenozoic
overprint

Bedding in the Torlesse Terrane defines a distinct arc across
the South Island, consistent with distributed dextral bending
southeast of the Alpine Fault (Fig. 1) (Spörli 1979). Surficial
rocks at the southeastern end of the seismic line appear to
be essentially unaffected by this reorientation and probably
represent the original Mesozoic structural pattern. The nature
of deep Mesozoic structure in this region, however, is poorly
known but some inferences can be made on the basis of
structure and structural history in Otago.

Older parts of the Torlesse Terrane were sutured to the
Caples Terrane in an accretionary prism during the Jurassic,
with resulting metamorphism forming the Otago Schist
(Mortimer 1993). Southwest-directed nappe-sheets and
recumbent ductile folds are now exposed within the deeper
Torlesse-derived portion of Otago Schist, whereas
transitional ductile-brittle collisional structures are exposed
in shallower parts of the pile (Roser & Cooper 1990; Craw
& Norris 1991; Mortimer 1993). Metamorphic fabrics
overprint at least some earlier generations of steeply
plunging folds (Spörli 1979). Uplift and cooling of Otago
Schist also began in the Jurassic (Adams et al. 1985) and
continued until the Late Cretaceous c. 100 Ma, while much
of the younger Torlesse of the Marlborough region was still
being deposited and accreted. Uplift appears to have been
associated with extensional faults, many of which are
mineralised or have evidence of multiple reactivation (Mutch
& Wilson 1952; Bishop 1974; Craw & Norris 1991; Angus
et al. 1997; Turnbull 2001).

We assumed that Torlesse rocks in the Mackenzie Basin
area underwent a similar structural history to those along
the nearby flanks of the Otago Schist. They are likely to
contain numerous brittle or brittle-ductile, shallow level
structures that accommodated Jurassic collisional shortening
and Cretaceous extension. Many of the major structures may
have been broadly parallel to the orogen (cf. Group 1 faults,
Bishop 1974), possibly with an overall sense of vergence
similar to nappe folds deeper in the pile (Roser & Cooper
1990), and/or a transition to oppositely verging folds and
faults in the toe of the Torlesse accretionary prism.
Reorientation of any such structures by Cenozoic bending
adjacent to the present plate boundary would result in
eastward-dipping features, such as those interpreted
southeast of Landslip Creek in Fig. 6B.

The Irishman Creek Fault dips to the southeast (Fig. 3).
Explaining this orientation in terms of formation in the
present tectonic framework (Interpretation 1 above) requires
positing a backthrust off a backthrust. An alternative
explanation is that the Irishman Creek Fault has had a much
more protracted reactivation history (cf. Bishop 1974) and
is similar to faults exposed in mountain ranges nearby that
display a range of different fault rocks indicative of fault
reactivation. In this interpretation (Fig. 6B), the Irishman
Creek Fault is considered to have formed with a northwest
strike, dipping northeast, during either juxtaposition of the
Torlesse Terrane into the Otago schist pile or during
postmetamorphic extensional uplift, then rotated into its
present orientation by Cenozoic regional bending. In this
scenario, the present southeast side up displacement is only
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a minor reactivation from late Cenozoic shortening. Other
southeast-dipping faults are interpreted on the southeast side
of the seismic line through southeast-dipping seismic
reflections and discontinuities (Fig. 2B,C). They are shown
with variable senses of displacement and activity in order
to reflect the potential for protracted geological histories.
The explanation of the existence of the Jollie valley fault
remains the same as the interpretation above.

The antiformal structure on the northwestern side of the
seismic line (Fig. 4) is similar to Interpretation 1 above. Both
interpretations attribute westward-dipping faults on the folds
northwestern limb to be related to Main Divide Fault Zone
backthrusts from the Alpine Fault (Cox & Findlay 1995).
Faults on the southeastern limb, however, are shown as
Mesozoic structures that have been tilted by folding. The
age of the antiform, and whether or not it is related to the
present tectonic setting or an older structure, is not clear.
Correlation with a local low seismic velocity zone (Eberhart-
Phillips & Bannister 2002) suggests the antiform strikes 040,
agreeing well with geodetic shortening directions and
formation by contemporary deformation. However, this
direction is also parallel to the strike of regional schistosity
in Alpine Schist that contains only a weak neotectonic
overprint (Little et al. 2002), which may be a counter
argument of an actively growing fold of the first inter-
pretation. The Alpine Schist fabric is probably Mesozoic,
with mounting evidence for mid–late Cretaceous recrystal-
lisation, although an early Miocene age cannot be entirely
ruled out (Grapes 1995; Walker & Mortimer 1999; Mortimer
2000; Vry et al. 2000; Little et al. 2002). Folds of similar
wavelength and orientation to the antiform exposed in Otago
Schist are known to be associated with formation of the
Moonlight Fault (e.g., Earnslaw Synform, Shotover
Antiform—Craw 1985; Turnbull 2001), having formed
during late Tertiary wrench tectonics. In this interpretation,
the age of the antiform is considered only to be older than
the present regime of oblique transpression and uplift.

Comparisons with other geological and geophysical
data
Interpretations of seismic data from previous experiments
show that crustal thickness varies across the South Island
from c. 27 km under the east coast of Canterbury to c. 45
km just east of the Southern Alps Main Divide (Stern et al.
1997; Davey et al. 1998; Kleffman et al. 1998). Mid–upper
crustal p-wave velocities vary from c. 5.0 km/s near the
surface to c. 6.2 km/s at c. 12 km depth; the lower crust has
velocities varying from 6.7 to 7.1 km/s. Figure 7 places the
second interpretation into the above context.

A study of small (mostly <M5) earthquakes in the
Southern Alps region indicates that elastic strain is being
released seismically down to 10–12 km depth (Leitner et al.
2001). Earthquakes record a relatively uniform stress field
with a maximum shortening direction of 110–120°, similar
to geodetic observations and plate motions (Beavan et al.
1999; Leitner et al. 2001). The base of the seismogenic zone
is relatively uniform at 12 ± 2 km over large parts of the
South Island, but shallows by 3–4 km under the high alps
region. The antiform interpreted in the data beneath Tasman
valley (Fig. 6A,B) displaces schists and semi-schists
vertically by c. 1–1.5 s TWT (i.e., c. 2–5 km), corresponding
closely with the position and degree to which the
seismogenic zone shallows.

3D velocity (Vp and Vp/Vs) modelling by inversion of
active and passive source seismic data has been used to
generate a 2D cross-section and depth slices across the South
Island (Eberhart-Phillips & Bannister 2002). At depths to c.
14 km there is a relatively low-velocity region centred 28
km southeast of the Alpine Fault, below the Tasman valley,
which corresponds to the position of the interpreted antiform.
Horizontal depth slices suggest the low-velocity “anomaly”
has a 040° trend weakly discordant to the Alpine Fault and
is continuous for >100 km. The low velocities are interpreted
to reflect an actively deforming zone in which increased
crack-density and high fluid pressures locally reduce the

Fig. 7 The upper crustal interpretation placed in a regional context derived from Stern et al. (1997), Davey et al. (1998), and Kleffman
et al. (1998). The shaded region represents a zone of high conductivity (Wannamaker et al. 2002).
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seismic velocity. Further evidence for fluids at depth can be
found in a magnetotelluric transect c. 60 km northeast of
the SIGHT98 seismic line. A low-conductivity anomaly has
been delineated at mid–lower crustal depths, thought to
arise from prograde metamorphism within the thickening
crustal root (Wannamaker et al. 2002). The position of
the anomaly extends from a few kilometres southeast of
the Alpine Fault to the northwestern third of the seismic
transect (Fig. 7).

DISCUSSION

Two end-member interpretations have been presented which
fit geophysical observations to geological boundary
conditions and thus provide cross-sectional models of the
shallow crust beneath the Southern Alps. The models differ
in the extent to which deformation southeast of the Alpine
Fault plate boundary is dominated by newly developed or
inherited structures. The degree to which each interpretation
may be valid is not known, and it is expected the structural
architecture of the region will involve some combination of
the two end members. Dislocation modelling and long-term
datasets of geodetic strain or earthquakes may provide useful
tests of the tectonic scenarios presented, particularly if this
data can be linked to fault-slip studies and observations of
longer term geological strains.

A regional-scale antiform beneath the Tasman valley is
drawn in both interpretations, located in the area where
horizontal motion of Pacific plate material is expected to
change as rocks are translated up the Alpine Fault ramp.
The antiform marks an area where significant uplift of Alpine
Schist and thermally annealed greywackes are expected,
coinciding with elevated contemporary geodetic strains.
Depending on its age, which is uncertain, the presence of
the antiform has implications for style of uplift and
deformation of the shallow crust, the relationship between
tectonics and topography, and the location of elastic strain
release and hence potential seismic hazard.

The geometry of the antiform, although known indirectly
in terms of TWT rather than depth, seems to imply c. 12%
horizontal shortening over 15 km (i.e., 1.8 km). At current
elastic GPS strain rates of 0.15–0.25 µstrain/yr, corres-
ponding to rates of 2.25–5 mm/yr over the 15 km distance,
the antiform would have taken between 360 000 and 800
000 yr to “grow” if it was entirely late Cenozoic in age.
Interestingly, the area of greatest geometric uplift coincides
with the Tasman valley where there was major glacial
erosion. The question arises as to whether or not erosion
may have played a significant role in exhumation and
deformation east of the Main Divide, as suggested for the
west (e.g., Koons 1990, 1995; Norris & Cooper 1995). If
the calculated age of 360–800 ka for the antiform is correct,
then erosion during and after the Nemona or Waimaunga
Glacial Advances (Suggate 1990) may have initiated fold-
growth and instigated local structural reorganisation of the
shallow South Island crust. A west-dipping thrust duplex
exposed immediately west of the Main Divide (Cox et al.
1997), that postdates 880 ka (minimum) quartz-adularia-
calcite veins (Teagle et al. 1998), would have been coincident
with antiform growth and is presumably the exposed
equivalent of larger scale antiform shortening.

The seismic experiment did not provide any new
information on the nature of the greywacke-schist transition

at depth beneath the South Island. Primary cleavage and
bedding in the Torlesse rocks are steep throughout the South
Island, whereas overprinting metamorphic fabrics in Otago
and Alpine Schist appear to be subhorizontal and steep,
respectively. The interpretations presented in this study are
dominated by low-lying lithological contacts, possibly
reflecting the difficulty of seismic surveys to resolve steep
features, but also due to the boundary conditions imparted
on the interpretation by schist exhumed nearby (Table 1).
The interpretations do not resolve the nature of the transition
between steep Torlesse bedding and low-angle schistosity;
for example, whether or not it is a gradational overprinting
relationship (as suggested by Bishop 1974) or marked by
faults (Craw 1998).

Studies of late Quaternary slip on the Alpine Fault
account for 75% of the strike-slip plate motion, and variable
amounts of the dip-slip motion (Norris & Cooper 2001).
Importantly, significant proportions of the plate motion are
not accounted for and probably occur in the Southern Alps.
It may imply potentially higher seismic risk to the eastern
South Island than previously considered (Norris & Cooper
2001). The challenge is now to test and confirm whether or
not the inferred active faults can account for the amount of
missing plate motion.

SUMMARY

The SIGHT98 experiment did not image any major regional-
scale reflections or discontinuities in the uppermost 5 s
TWT. Instead, more subtle smaller scale features are
present, such as well-defined reflections that are laterally
continuous for only 2–3 km, and strong angular discon-
tinuities in reflections which can be mapped for up to 10
km. Reflections and discontinuities in the data are thought
to mark faults, bedding, or schistosity, and/or lithological
contacts.

Seismic reflection data provided a means by which a
standard geological cross-section, drawn with relative
confidence to depths of c. 2 km, can be extended to depths
of c. 12–15 km. Velocity models provided an independent
check on the distribution of cover sediments in the uppermost
3 km.

A series of strong, southeast dipping reflections coincide
with the trace of the Irishman Creek Fault, corroborating
previous geological and geophysical evidence that this active
structure dips southeast. Slow velocities <3.6 km/s extend
to depths of almost 2 km on the northwestern side of the
fault, suggesting between 800 and 1200 m of Late
Cretaceous–Miocene sediments and 500 m of Pliocene–
Pleistocene gravel are preserved in the footwall. A basement
high occurs in the hanging wall, with greywacke reaching
to within 300 m of the surface, buried beneath Pliocene–
Pleistocene cover and possibly a thin sliver of Late
Cretaceous–Tertiary sequence.

Oppositely dipping reflections and discontinuities in the
seismic data define a previously unrecognised regional-scale
antiform beneath the Tasman valley and Mount Cook. The
antiform has a horizontal half-wavelength of 15 km, a crest
at 1.2 s TWT (c. 3 km depth), and is observed to depths of
at least 3.5 s (10 ± 2 km) within the brittle seismogenic crust.
The antiform hinge is inferred to trend northeast (040) by
correlation with a low seismic velocity zone that appears to
be coincident with the structure (Eberhart-Phillips &
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Bannister 2002). The geometry/orientation of the antiform
is consistent with growth during late Cenozoic oblique-
convergence, causing uplift of the Southern Alps where the
Pacific plate becomes bent across the ramp of the Alpine
Fault, but an early Miocene or Jurassic age cannot be ruled
out.

Two end-member interpretative cross-sections of the
seismogenic crust of the central South Island have been
presented in this paper. Interpretation 1 fits observations to
a model in which the structure is dominated by Cenozoic
deformation, with little influence of pre-existing features in
the geology. It is analogous to sandbox models and numerical
experiments, which predict different structural regions within
the Southern Alps that can now be defined by contemporary
geodetic strain rates (Beavan & Haines 2001). Interpretation
2 fits observations to a model that accounts for the
widespread geologic evidence of fault reactivation, multiple
deformation, and prolonged geologic history in Torlesse
greywackes. Both interpretations draw extensively on
geological observations in rocks exposed adjacent to the
seismic line, and both can satisfactorily account for
geophysical and geological observations to requirements of
the geological and other geophysical constraints. The major
difference between the two interpretations is the degree to
which active structures are inferred to link into a basal
detachment and high-strain zones at depth. Independent
testing is now required to determine which interpretation is
most realistic.
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