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Abstract. When continental crust is consumed at a
plate boundary, it is not subducted into the astheno-
sphere like oceanic crust but either is pushed up and
eroded or is moved sideways away from the collision to
spread the deformation over adjacent and in some cases,
far distant, regions. Both modes occur in the South
Island of New Zealand, where the Australian and Pacific
plates move obliquely relative to each other so that there
is motion both parallel and perpendicular to the plate
boundary. The perpendicular component has resulted in
the rise and erosion of the Southern Alps. Because
compression is continuing, the early stages of continen-
tal collision can be studied in one of the most simple and
accessible of plate boundaries. Since 6.4 Ma, 90 km of
shortening in the continental crust of the central South
Island has occurred (somewhat less in the south and
more in the north), together with 230 km of dextral
strike-slip. Prior to 6.4 Ma, relative plate motion was
strike-slip with only a small compressive component.
Hence a strip of continental lithosphere some 90 km
wide has been consumed in Pliocene—Quaternary time.
It has been accommodated in different ways in different
parts of the plate boundary. In the south, that part of the
Pliocene—Quaternary convergence not involved in sub-
duction of oceanic lithosphere of the Australian plate
under Fiordland is accommodated by low-intensity de-
formation distributed up to 200 km from the plate
boundary, resulting in some crustal thickening and mi-
nor erosion. In the north, continental crust has moved
away from the collision zone along transforms to be
placed over adjacent subducted oceanic lithosphere of
the same plate, and the major process accommodating

excess continental lithosphere is overthrusting of conti-
nental crust, accompanied by subduction of the lower
part of the lithosphere. In the central South Island,
accommodation of excess continental crust is by crustal
thickening and erosion. Rock uplift at rates of about 11
mm/yr at the Alpine fault is balanced by erosion produc-
ing some 0.35 X 10° km? of sediment deposited mainly
over the Challenger Plateau immediately west of the
South Island. Some of the excess continental crust in this
part of the plate boundary is accommodated as a root to
the Southern Alps. On the basis of a number of obser-
vations it is argued that a 5-km-thick tabular body of
high-grade schist near the middle of the Alpine fault is
being extruded from the lower crust at a higher velocity
than the plate convergence rate because (1) ductile
lower crust outcrops in a highly condensed section, (2)
fluid inclusion studies indicate temperatures as high as
360°C at depths of around 6 km, (3) stretching lineations
in young mylonites show that motion normal to the
Alpine fault is equal to, or faster than, the strike-slip
component, and (4) a normal fault bounds the upper
surface of the body, and the reverse Alpine fault bounds
the lower surface. A similar process occurs in other
convergent continental zones. While large earthquakes
are known to have occurred on those parts of the Alpine
fault north and south of the central segment of the plate
boundary, it is unclear whether great earthquakes have
been, or can be, generated on middle reaches of the
fault, where the structure of the Alpine fault differs
markedly and high temperatures are believed to exist
close to the surface.

1. INTRODUCTION

Plate boundaries through continental lithosphere are
usually broad, and the relative motion between plates is
accommodated by diffuse deformation on a large num-
ber of structures; the plate boundaries south of the
Eurasian plate and west of the North American plate are
particularly clear examples. Relative motion between
the Pacific and Australian plates across the Alpine fault
through the South Island of New Zealand, however, is
tightly constrained to the close vicinity of the fault, at

least in the central parts, with a more diffuse deforma-
tion to the north and south. A study of the nature of the
deformation to determine the actual modes by which
relative plate motion in the South Island is taken up can
be expected to throw light on processes of deformation
in continental lithosphere in general through its marked
contrast with the broader-scale deformation that occurs
elsewhere.

Quantitative information published in the last 2 de-
cades on the deformation that has occurred within the
plate boundary zone through the South Island of New
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TABLE 1. Finite Rotation Parameters, Southwest Pacific
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Age, PAC-ANT ANT-AUS PAC-AUS = PAC-ANT + ANT-AUS
Anomaly  Ma  Latitude  Longitude  Angle, deg  Latitude  Longitude  Angle, deg  Latitude  Longitude  Angle, deg
1 0.78 64.25 —179.06 0.68 13.2 38.2 0.51 58.56 1.69 0.85
2a 258 67.03 -73.72 242 13.0 379 1.59 59.62 0.84 2.98
3a 589 6791 —-77.93 5.42 12.9 374 3.58 60.18 0.12 6.64
4a 8.86 69.68 —77.06 7.95 12.6 37.0 5.36 59.42 2.15 9.88
Sr* 10.95 12.5 36.7 6.62
Sa 1229 7175 —=73.77 10.92 13.0 35.7 7.40 58.53 3.17 13.85
5d 1747  73.68 —69.85 15.17 14.1 33.6 10.34 57.60 2.70 19.75
6r* 20.13 14.5 32.8 11.98
6¢ 2406 74.72 —67.28 19.55 14.1 32.8 14.52 55.03 3.57 26.44
10 28.28  74.55 —67.38 22.95 13.8 32.7 17.24 54.10 2.17 31.08
13* 33.06 13.4 32.7 20.40
13 3354 7438 —64.74 27.34 13.7 325 20.62 52.77 0.56 37.20

Finite rotation parameters for PAC-ANT motion [from Cande et al., 1995]; anomaly numbers and their ages (based on Cande and Kent [1995])
are listed in the two leftmost columns. The rotations for anomalies used by Cande et al. [1995] are determined by linear interpolation based on
the age of the anomaly. Finite relative rotations of Pacific and Australian plates in the final columns are calculated by composition [Le Pichon

et al., 1973] of PAC-ANT and ANT-AUS rotations.

*Data from Royer and Sandwell [1989]; ages have been adjusted to fit the Cande and Kent [1995] timescale.

Zealand is summarized from several disciplines. De-
tailed, well-constrained studies that incorporate many
different fields, such as petrology, field geology, seismol-
ogy, and geophysical modeling, are important in under-
standing the processes of deformation in continental
lithosphere during collision.

There has been extraordinarily intense activity in the
last 5 years with a sustained effort in the acquisition of
field data. Overseas and New Zealand institutions have
cooperated to conduct interrelated investigations. To
date, more than 860 geodetic stations have been sur-
veyed with high-precision Global Positioning System
(GPS) (at least three 8-hour recording sessions on each),
and half have been repeated after periods of a year or so
at least once, some twice. About 72 Gb of three-compo-
nent broadband seismic data have been collected. A
further 80 GB have been collected from two multichan-
nel reflection-refraction profiles across the waist of the
South Island, involving 23 refraction and 40,000 air gun
shots and a further 2000 km of offshore multichannel
seismic profiles.

The purpose of this review is not to present these
largely unpublished data but to provide a summary of
what is currently known and understood about past
deformation from already published material. Its aim is
to provide an account of the present-day plate boundary
and its geologically recent history so as to place the new
work and their analyses in the context of the tectonic
evolution of the plate boundary. The first part reviews
recent work on the plate tectonics of the South Pacific to
determine the scale of the problem: just how much
shortening and strike-slip motion between the two plates
on cither side of New Zealand has there been, and how
is it distributed in time? The bulk of the review is
concerned with the dominant modes by which the
oblique compression has been accommodated. There
are many different structures active within a plate

boundary, but only a few are important in accommodat-
ing the consumption of continental lithosphere, and
attention is focused on those.

Several recent papers successfully address general
issues of South Island tectonics, most notably those of
Norris et al. [1990] for the south and central South
Island, Lamb and Bibby [1989] for the north, and Ander-
son et al. [1993] for major historical earthquakes
throughout the South Island. Much information in these
papers is not duplicated here and they provide invalu-
able information.

2. PLATE TECTONICS OF THE SOUTH PACIFIC

New information on the plate tectonics of the South
Pacific available in recent years gives greatly improved
resolution of relative plate motion over that of even 5
years ago. Radar altimetry data from Seasat, Geosat,
and ERS-1 [Haxby, 1987; Sandwell and Smith, 1995] give
improved estimates of the direction of motion along the
Pacific-Antarctic (PAC-ANT) and Australian-Antarctic
(AUS-ANT) plate boundaries, and a new chronology of
magnetic anomalies [Cande and Kent, 1992, 1995] gives
improved age control. Cande et al. [1995] give magne-
tometer and multibeam bathymetry from the Pitman
fracture zone on the Pacific-Antarctic (PAC-ANT) plate
boundary and present refined estimates of the finite
rotation parameters for the PAC-ANT boundary. These,
although similar to earlier estimates [Stock and Molnar,
1987] show small but significant changes in the direction
and rate of spreading on the PAC-ANT boundary since
the Cretaceous. Royer and Sandwell [1989] have rede-
fined the plate tectonic history of the ANT-AUS pair of
plates also, and both boundaries together permit the
estimation of motion on the PAC-AUS boundary to
much greater resolution than before. Finally, plate motion
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Figure 1. Plate boundary of the Pa-
cific and Australian plates. The Pa-
cific plate has rotated counterclock-
wise relative to the Australian plate
about poles (solid squares), the posi-
tions of which have changed progres-
sively with time. The poles for motion
during the period of magnetic anom-
alies 5d (17.5 Ma) to 3a (5.89 Ma)
indicate fault-parallel motion on the
Alpine fault, whereas since anomaly
3a the poles are located well to the
southwest of their earlier position
and indicate an additional compres-
sional component of motion across
the Alpine fault. The NUVEL 1 pole,
obtained from seafloor spreading in-
formation, is the solid circle, and the
geodetically determined GPS pole is
the open diamond.
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has now been measured directly using high-precision
global geodetic techniques [Larson and Freymueller, 1995).

2.1. History of Plate Kinematics in the South Pacific

Both Pacific and Australian plates are moving away
from Antarctica by spreading on the mid-oceanic rise
south of Australia and New Zealand. They move in
slightly different directions and speeds, so there is a
resultant motion of one relative to the other involving
convergence or strike-slip motion along their common
(PAC-AUS) boundary. New estimates of the relative
motion of the Pacific, Australian, and Antarctic plates
are given in Table 1. To produce a uniform set of
anomalies and rotation parameters, it is necessary to
interpolate values for AUS-ANT plate boundary. The
AUS-ANT finite rotation poles have changed little in
position over the last 10 Myr and the present-day rate of

plate motion of 0.65°/Myr is close to the average rate
given by the anomaly 5 finite rotation, 0.60°/Myr. Be-
cause the ANT-AUS rotation vector changes little, in-
terpolation introduces very little error.

2.1.1. PAC-AUS motion. Relative motion of the
Pacific and Australian plates is computed from the plate
circuit PAC-ANT-AUS. This procedure assumes that
there is no motion between East and West Antarctica,
such as that suggested by Sutherland [1995] for the
middle Cenozoic. There is certainly no evidence of de-
formation between the two today in the complete lack of
seismicity there. The poles of the finite rotations for
PAC-AUS motion are listed in Table 1. Stage rotations
give an estimate of the direction and rates of motion
over a specified time interval relative to one of the
plates, in this case the Australian plate. The stage poles
are shown in Figure 1 as solid squares. From anomaly 5d
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Figure 2. Gravity anomaly map of the Pacific-Antarctic plate boundary south of New Zealand between 58°
and 67°S and 180° and 220°E, from Sandwell and Smith [1995]. Letters L, M, N and O are points on the Pacific
plate where a change in direction of plate spreading can be seen in the gravity anomaly trends. The primed
letters are the equivalent positions on the Antarctic plate. A rotation about the Cande et al. [1995] pole for
anomaly 3a gives the best fit in rotating the two sets of points to overlap, but an angle 8.5% greater than the
finite angle of rotation for 3a is needed.

time (17.5 Ma) to anomaly 3a time (5.89 Ma) the stage
poles moved directly away from New Zealand along a
perpendicular to the Alpine fault, and the rate of rota-
tion remained steady at about 1.1°/Myr. Hence the Al-
pine fault was a small circle to the pole throughout this
period, and the rate of dextral slip across the plate
boundary zone in the central South Island has increased
with time (from 35 to 38 mm/yr). The major change in
position of the 4a and 3a stage poles indicates a change
in the direction of motion along the New Zealand plate
boundary. The precise age when the position of the pole
first started to change can be best estimated from the
satellite gravity map (Figure 2) of the PAC-ANT bound-
ary. This gravity map shows the trends of fracture zones
produced at transform faults of the spreading center. An
inflection in the trend occurs across the present spread-
ing center. The position of four points on particularly
clear trends near the limits of the inflection are shown as
letters L, M, N, and O on the Pacific plate and as the
same letters with primes on the Antarctic plate. The
finite rotation pole that best fits the points on the Pacific
plate to the equivalent points on the Antarctic plate is
that for anomaly 3a but with a rotation angle of 5.88°,
which is 8.5% larger than the rotation angle for 3a. The
estimated time for the initiation of change in direction of

plate motion is therefore 8.5% older than anomaly 3a, or
6.4 Ma. Cande et al. [1995] estimate the age at which the
change occurred as the young end of anomaly 3a, i.e.,
5.89 Ma, from observed changes in abyssal hill azimuths.
Before about 6 Ma, motion across the Alpine fault was
almost purely strike-slip, and since then there has been a
substantial compression as well.

2.1.2. Total amount of shortening across the South
Island. The motion of three points 200 km apart on
the Alpine fault, corresponding to present-day positions
at 44.5°S and 168°E near Milford Sound, 43.5°S and
170°E in the middle, and 42.5°S and 172°E near the
northern end of the straight part of the Alpine fault, is
shown in Figure 3 using the data of Table 1. Conver-
gence across the Alpine fault commenced at 6.4 Ma, and
the total convergence during this period has been
around 90 km in the center, with 70 km at the southern
end and about 110 km at the northern end of the Alpine
fault. Before 6.4 Ma the motion of the Pacific plate was
nearly parallel to the present trend of the Alpine fault,
with a small component of convergence of only a few
millimeters per year. Though the rate is small it still
amounts to 25 km of shortening in the 12 Myr prior to
the onset of rapid shortening.
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Figure 3. The Pacific plate’s motion
relative to the Australian plate since
anomaly 5c time (12.4 Ma). The diagram
shows the present-day location of three
points on the Alpine fault and where
they would have been at 6.4 Ma (solid
squares) and 12.4 Ma (crosses). From
12.4 to 6.4 Ma, motion was almost purely
strike-slip, but since then the rate of
shortening normal to the Alpine fault
has averaged 13 mm/yr as shown in the
graph. There has been a total of 90 km
compression since 6.4 Ma in central Al-
pine fault, with 110 km in the north and
70 km in the south.

2.2. Present-Day Plate Motion

Present-day plate motion of the PAC-AUS plate
boundary has been measured directly [Larson and
Freymueller, 1995; Larson et al., 1997] and is indepen-
dently inferred from seafloor spreading data [Chase,
1978; De Mets et al., 1990]. Although at most other
boundaries the two methods give the same values within
their respective errors, they differ significantly for the
Pacific plate and the PAC-AUS boundary in particular.
The direct measurement of plate motion is based on the
Global Positioning System. The position of the GPS pole
is at latitude 65.7°S and longitude 182.9°E, and the rate
of rotation is 1.04°/Myr [Larson et al., 1997] using the
permanent network stations of the International GPS
Service for geodynamics. The error in position is about
1.5°, and the error in rate is 0.02°/Myr.

Seafloor spreading data have resulted in a number of
global kinematic models of plate motions, the most
recent one being NUVEL 1 [DeMets et al., 1990]. This
model, modified in 1993 as NUVEL 1A to incorporate
new information on dating [DeMets et al., 1994], is the
standard reference for plate kinematics. The NUVEL
1A Euler vector for Pacific-Australian plate motion is
60.1°S, 181.7°E (Figure 1), and the rate of rotation is
1.07°/Myr. The GPS pole differs in position by some 5°
from the NUVEL 1A pole. Because the pole is close to
New Zealand, a small change in its position results in a
large change in the computed relative motion of the
plates across the New Zealand plate boundary.

The consequences of the difference in pole position
are most marked in considering the contemporary rate

0 100 220 3?0

kilometres

Figure 4. Excess lithosphere at 6.4 Ma and the amount lost
since that time. The amount and direction of motion of the
Pacific relative to the Australian plate is shown by arrowed
lines representing small circles about the 3a finite pole. Dis-
placements are 190 km south of the plate boundary and 230 km
north of the boundary. Subducted oceanic lithosphere is shown
by the coarse dot screen. The 2000-m depth contour indicates
the boundary between oceanic and continental crust. Three
segments of the plate boundary are shown and identify the
three areas in which the excess lithosphere is accommodated
by different processes.
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Figure 5. Southern South Island structure. The Fiordland block is not part of the Pacific plate, and the plate
boundary extends to the east coast with widespread, low-intensity deformation on NE-SW and NW-SE
trending reverse faults. The ophiolite belt is strongly curved. The bold plus and minus signs show the locations

of 150-mgal gravity anomaly high and low related to

the Fiordland subduetion zone. Profiles of earthquake

locations in the subducted plate under Fiordland from Anderson et al. [1993] are inset. The offset in location
of source rocks (shown by letter s) from a late Pliocene conglomerate (letter p) indicates a slip rate on the
Alpine fault of about 35 mm/yr [from Sutherland, 1994].

of shortening across the Southern Alps and Alpine fault.
NUVEL 1A predicts motion at the middle of the Alpine
fault, at —43.5°S and 170°E, with a direction inclined at
16° to the Alpine fault and a shortening rate of 10
mm/yr. The GPS pole indicates a direction inclined at
22° and a shortening rate of 16 mm/yr. The long-term
average motion determined from anomaly 3a finite ro-
tation is 18° in direction and 13 mm/yr in rate of short-
ening. It is the long-term average that is used in subse-
quent calculations.

3. MODES OF OBLIQUE COMPRESSION IN
CONTINENTAL LITHOSPHERE

While the relative position of the Pacific and Austra-
lian plates can be reconstructed with considerable con-
fidence at any time during the late Cenozoic, the recon-
struction of the deformed zone between the plates is
much more difficult. It is a straightforward procedure,
however, to calculate the total amount of displacement
over any period of time, and the problem of reconstruc-
tion within a plate boundary zone reduces to identifying
those modes of deformation responsible for accommo-

dating the displacement. The reconstruction of Figure 4
shows the change in position between the present and
6.4 Ma at the beginning of the change in direction of
Pacific plate motion relative to the Australian plate. The
plate boundary through New Zealand is taken to be the
Alpine fault from the Hikurangi Trough in the north to
Milford Sound (Figure 5) in the south and beyond to the
Puysegur Trench and the Macquarie Arc. The displace-
ment between then and now is shown by arrowed lines;
the amount of displacement is 190 km in the south and
230 km in the north. This lost lithosphere must have
been largely continental because of continuity in struc-
tures, such as a Permian ophiolite belt (Figure 5), across
the plate boundary. Like the present-day continental
crust of the Challenger and Campbell Plateaus, it would
consist of crust about 25 km thick. How this lithosphere
came to be consumed during oblique compression of the
plate boundary zone is the problem addressed in the rest
of the paper.

The modes by which excess lithosphere within the
plate boundary zone is accommodated during compres-
sion differ in different segments of the plate boundary,
named here the southern, central, and northern seg-
ments. The central and northern segments of the plate
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boundary zone involve oblique collision of continental
lithosphere. The southern segment involves, in part,
subduction of oceanic lithosphere (shown shaded in
Figure 4), which accommodates much, but by no means
all, of the excess lithosphere in that segment.

3.1. Southern Segment

The southern segment extends from the Macquarie
Arc northward along the Puysegur Trench and Alpine
fault to the northern tip of the Fiordland block. The area
of lithosphere lost in the Pliocene-Quaternary compres-
sion is 54,000 km?. Most is accommodated by subduction
of oceanic lithosphere of the Australian plate. The area
of the subducted oceanic lithosphere is 45,000 km* (Fig-
ure 4), of which only a small part, if any, would have
been subducted before 6.4 Ma. The remaining 9000 km?
is accommodated by distributed crustal thickening east
of Fiordland, mostly in western Otago (Figure 5).

3.1.1. Fiordland. Fiordland is a broad plateau of
crystalline rocks about 1000 m in elevation, interrupted
by deep glacially carved fiords and valleys, that was
covered by a local ice cap and distributary glaciers dur-
ing the Pleistocene. It abuts, across the Alpine fault to
the northwest, oceanic lithosphere of the Tasman Sea.
One of the largest paired gravity anomalies in the world
occurs here, with free air anomaly of —150 mgal over the
deep sea and Bouguer anomaly of +150 mgal over
central Fiordland. Fiordland is underlain by subducted
oceanic lithosphere of the Australian plate, and intense
seismic activity in the subducted lithosphere shows that
the subduction is still active (Figure 5).

3.1.2. Deformation east of Fiordland. Fiordland
is not part of the Pacific plate. Seismic activity occurs
along its eastern boundary; Anderson et al. [1993] list one
(6.2 M) strike-slip event, and seismicity, although weak,
is present as far east as the Akatore fault on the coast
south of Dunedin. In central and eastern Otago, geo-
detic strain rates [Walcott, 1978, 1984; Reilly, 1990] are
small, about or less than 0.1 pstrain/yr, equivalent to-
gether with the geodetic strain immediately east of
Fiordland measured by Pearson [1992] to a displacement
rate of 10 mm/yr across the full width of the deforming
zone and sufficient to account for all present-day short-
ening.

NW-SE shortening is obvious geologically throughout
the southern South Island to a distance of 200 km from
the Alpine fault [Yeats, 1987]. Distributed deformation
in eastern Otago accounts for only part of the total 70
km of shortening required between Fiordland and the
Pacific plate, perhaps only about 10 km in all [Norris et
al., 1978], and most of the deformation accommodating
the shortening must occur in mountainous terrain adja-
cent to the east boundary of the Fiordland block. There,
immediately east of Fiordland, extensive late Cenozoic
deformation involves faults of north-south (e.g., Holly-
ford and Livingstone faults) and NE-SW (e.g., Moon-
light and Fiordland Boundary faults) trend. Strike-slip
movement is described for the NE-SW faults with some
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Figure 6. Reconstruction of the southern segment of the
plate boundary zone at 6.4 Ma. Fiordland is rotated through
20° to keep it adjacent to the edge of the Australian plate, thus
requiring most of the 70 km of shortening to be accommodated
east of Fiordland. Southern Westland is also rotated through
20° to close a gap that would otherwise appear. The subducted
plate at 6.4 Ma is shown by coarse stipple. The ophiolite belt
(Figure 5) would have been almost straight in the Miocene.

20 km of dextral displacement [Norris and Turnbull,
1993]. Late Cenozoic shortening has resulted in faulting
and folding of Oligocene and Miocene and older strata
and, judging by the mountainous nature of the country,
crustal thickening. Norris and Tumbull [1993] give a
palinspastic reconstruction involving some 30 km of
shortening on north-south trending reverse faults. A
horizontal detachment near the base of the crust, as
modeled by Koons and Henderson [1995] for the folding
of central Otago, could be associated with shortening in
the crust but of course does not account for the short-
ening in the lithosphere as a whole: if a detachment
exists, then the part of the lithosphere below it must
either be subducted or be accommodated by some other
mechanism.

3.1.3. Reconstruction at 6.4 Ma. Judging by the
degree of deformation of the rocks east of Fiordland, the
total amount of NW-SE shortening decreases south-
ward, indicating probable rotation of the Fiordland
block relative to the Pacific plate. This is the interpre-
tation made in reconstructing southern New Zealand in
Figure 6. The Fiordland block lay immediately adjacent
to the Alpine fault and the Australian plate during the
late Cenozoic, so that the deformation required to ac-
commodate the compression across the plate boundary
zone occurred on its eastern side. A distinctive belt of
Permian ophiolitic rocks and associated magnetic anom-
alies identified in Figures 5 and 6 by a heavy dashed line
illustrates how the distributed deformation east of
Fiordland resulted in, or accentuated, the curved.arcu-
ate structure of present-day southern South Island. It is
also proposed in Figure 6 that the southern end of the
west coast, south of Jackson Bay, has rotated about 20°



8 e Walcott: TECTONICS OF SOUTH ISLAND, NEW ZEALAND

Figure 7. The Fiordland subduction zone “ploughshare” [af-
ter Christoffel and van der Linden, 1972].

counterclockwise, a process continuing today as can be
seen in earthquake slip vectors (Figure 12).

Displacement of Fiordland in the direction of the
plate boundary (NE-SW) could also have occurred. For
example, the Fiordland block may have been extruded
southwestward from the boundary zone during compres-
sion and so have moved faster relative to the Australian
plate than the Pacific plate itself. However, the sinistral
shear that would be necessary between Fiordland and
the Pacific plate has not been identified, nor is it evident
in earthquake source mechanism and geodetic investi-
gations. Dextral shear on the NE-SW Moonlight fault
system has been commented upon by Norris et al. [1978],
in which case Fiordland would have moved slower rela-
tive to the Australian plate than the Pacific plate, but
this is considered by them to be subordinate to NW-SE
shortening. Norris et al. [1990] consider that deformation
east of Fiordland is consistent with a northward relative
movement of Fiordland, but again the amount is un-
clear.

3.1.4. The Fiordland subduction zone. Between
the Macquarie Arc, where the plate boundary is subpar-
allel to the direction of relative plate motion, and the
west coast of the South Island, the plate boundary bends
northward around the Fiordland block in the Puysegur
Trench. Intermediate-depth earthquakes under Fiord-
land show that a part of the Australian plate has been
subducted at the Puysegur Trench. The deepest earth-
quakes lie 150 km under Fiordland (Figure 5). Christoffel
and van der Linden [1972], who first investigated the
Fiordland subduction, described the subducted plate as
shaped like a ploughshare, and this remains an accurate
description (Figure 7). The subducted plate is a flake of
oceanic lithosphere, a corner of the Australian plate,
that has been thrust longitudinally under the southwest
corner of the South Island. The paired gravity anomalies
result from the northward movement of the ploughshare
tilting the Fiordland block and lifting its edge by about 3
km, with a compensating downward flexure of the Aus-
tralian plate. Most, if not all, of the subduction has
occurred in the last 6.4 Myr. The time when subduction
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was initiated is not obvious because the motion of the
Fiordland block is poorly constrained. The subducted
plate extends a distance of 250 km from the Puysegur
Trench in the direction of relative plate motion, requir-
ing subduction to have commenced at some time be-
tween anomalies 3a and 5a. From the length of sub-
ducted plate and the speed of relative plate motion,
subduction is estimated to have commenced around 10
Ma; i.e., 10 Myr ago the northern edge of the subducted
plate would have cleared the southern edge of the Fiord-
land block [Davey and Smith, 1983]. This presumes that
the Fiordland block has moved with the Pacific plate,
which may not be true; if it lay only slightly farther north
relative to the Pacific plate and had rotated around 20°
counterclockwise, then subduction may have com-
menced within the last 6.4 Myr. On the other hand, if
Fiordland lay in much the same position relative to the
Pacific plate, or even farther south, then subduction
needs to have started before 6.4 Ma. The subducted
oceanic lithosphere is Oligocene in age, produced at the
Australian-Pacific plate boundary around 40 Ma [Suth-
erland, 1995, Figure 3], so negative buoyancy would be
small.

3.1.5. Rate of slip on the Alpine fault. Sutherland
[1994] describes Pliocene sediments on the west coast of
the South Island (shown by “p” in Figure 5), on the
Australian plate, containing clasts derived from source
rocks in central and southern parts of the Fiordland
block (shown by “s” in Figure 5) that today lie on the
opposite side of the Alpine fault, 100 km to the south-
west. A minimum rate of slip of the Fiordland block of
35 = 5 mm/yr is estimated. This is similar to the relative
motion of the Pacific and Australian plates, suggesting
that the Fiordland block has not moved substantially in
the direction of the plate boundary relative to the Pacific
plate. Given the nature of the data with uncertainties in
both source position and timing, the quoted 5-mm/yr
constraints on the speed, particularly with regard to the
upper limit, are too small.

3.2. Northern Segment

Hope fault, the most southerly of the major strike-slip
faults of northeastern South Island, is the southern
boundary of the northern segment. The Wairau fault
and its probable continuation down Cook Strait between
North and South Island [Walcort, 1978; Carter et al.,
1988], is the northern boundary (Figure 8). The Hope
fault meets the Alpine fault near Arthur’s Pass 300 km
from the tip of the Fiordland block and 250 km from
Cook Strait. Extensive late Cenozoic deformation ex-
tended up to 200 km on both sides of the Alpine fault,
and the fault itself is bent through about 20 km as a
consequence of this deformation. The style of deforma-
tion differs across the Alpine fault; in the west, Miocene
to recent reverse faulting has resulted in crustal thick-
ening and uplift of a Late Cretaceous erosional surface
with moderate erosion; on the east, uplift and erosion
are secondary to northeastward directed overthrusting
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Figure 8. Northern segment of the plate boundary zone extends from the intersection of the Hope and
Alpine faults to Cook Strait. Pliocene-Quaternary deformation is widespread across the full 250-km width of
the northern part of the South Island. The dashed line is the southern limit of the subducted Pacific oceanic
lithosphere. The most remarkable feature of this region is the large amount of Pacific continental crust that
now lies on subducted oceanic lithosphere of the same plate (hatched). Part of the overthrust crust, at least
as large as the part shown in coarse stipple, has rotated clockwise about 30° since 6.4 Ma, as is shown by
paleomagnetic declinations [Little and Roberts, 1997]. Between the Alpine fault and the southern edge of the
subducted plate, faults parallel to the direction of plate motion are continental transforms transporting
lithosphere from the collision toward the overthrust zone. The top inset shows the northern segment
reconstructed at 6.4 Ma by rotating and aligning the Esk Head marker (solid line) to be parallel to the
southwestern edge of the subducted plate. The area lost by uplift and erosion is heavily hatched. The
fine-hatched area is the obducted crust of the time. The stippling shows the area lost by compression within
northwest South Island. The bottom inset shows well-determined aftershocks of the 1993 Arthur’s Pass
earthquake from Robinson et al. [1995] revealing left-lateral cross faults. The location of the main shock is
shown together with the location of highway 73.

of continental crust in accommodating crustal consump-
tion. The total area of continental rocks lost in the
Pliocene-Quaternary is about 25,000 (= 250 X 100) km?,
and that lost since the mid-Miocene is about 30,000
(= 250 X 120) km?,

During early Cenozoic time the east coast of the
North Island and the northeastern South Island occu-
pied a passive continental margin with deposition of
bathyal clays and muds, deepwater limestone, and minor
sands. In early Miocene time the sedimentation com-
pletely changed, with thick, coarse clastics including
sedimentary melange, olistostrome, and thick turbidites

accompanied by intense deformation and landward em-
placement of allochthonous sheets of the passive margin
sequence [Rait et al., 1991]. The Tonga-Kermadec sub-
duction zone is believed to have propagated southward
to New Zealand at this time and has been active ever
since. The occurrence near Kaikoura of the Great
Marlborough conglomerate, a thick formation of sedi-
mentary melange that at least in part, is 18 Myr old and
contains clasts of the entire foregoing passive margin
sequence, indicates vigorous synsedimentary deforma-
tion. Presumably, subduction occurred this far south
early in the Miocene.
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Figure 9. Cartoon illustrating how lithosphere
within the collision zone adjacent to the Alpine
fault is carried by transform faults northeastward
to thrust over onto the subducted Pacific plate in
the overthrust zone.

3.2.1. Emplacement of continental crust onto the
southern Hikurangi margin. The most remarkable
feature of the northern segment is the large area of
continental crust, once part of the Pacific plate, that now
lies above subducted oceanic lithosphere of the same
plate. The Benioff zone of the Tonga-Kermadec-
Hikurangi subduction deepens northwestward from the
Hikurangi Trough to about 250 km and extends north-
eastward toward the Kermadec and Tonga Arcs. It ends
at a line trending northwest through Kaikoura (Figure
8). The southernmost edge of the subducted plate is
identified by an abrupt step in the deepest earthquakes
[Anderson et al., 1993] from 250 km to less than 100 km
deep and is aligned with the 2000-m bathymetric contour
on the boundary of the continental lithosphere of
Chatham Rise and the thinner, oceanic lithosphere of
the Pacific Ocean. The edge marks the early Cenozoic
passive margin that has become caught up in the Pacific-
Australian plate boundary. The area of continental crust
of the Pacific plate that has been obducted onto sub-
ducted oceanic Pacific lithosphere is shown hatched in
Figure 8. It covers an area of 15,000 km? shaped as a
quadrant of a circle with radius of 140 km. According to
Lamb and Bibby [1989], overthrusting of Pacific plate
continental crust commenced at the Hikurangi margin in
earliest Miocene time by thrusting parallel to the NW
trending margin. The rate of overthrusting increased in
the Pliocene—Quaternary.

3.2.1.1. Reconstruction at 6.4 Ma: A reconstruc-
tion of the northern segment at 6.4 Ma is shown in the
top inset of Figure 8. The coarse-hatched area is the
excess crust accommodated by processes of crustal thick-
ening and erosion. The fine-hatched area is the amount
of crust estimated to have been overthrust up to that
time. The reconstruction is made by sliding crust back
along the Marlborough strike-slip faults until the Esk
Head boundary, a major structural and lithological
boundary that currently trends NNE, is aligned parallel
to the southwestern edge of the subducted oceanic plate.
Whether this alignment had occurred by 6.4 Ma is not
known. If it had, about half of the continental crust lost
in the last 6.4 Ma is accommodated by overthrusting.
The mechanism by which the segments of the Esk Head
boundary between the major strike-slip faults rotated

from their initial NW-SE trend to the current NNE-SSW
trend is discussed below.

3.2.1.2. The Marlborough faults: The Marlbor-
ough fault system comprises three different modes of
deformation, illustrated in the cartoon of Figure 9.

1. In the overthrusting, or obduction, zone north-
east of the edge of the subducted plate, oblique slip
across the major fault results in crustal thickening, uplift
of the major ranges, and erosion. Near the coast of Cook
Strait and the Pacific Ocean the motion on the fault dies
out against a rotating, obducted, block of continental
crust lying on the subducted plate.

2. The central section, the transform zone, com-
prises conservative faults that move the excess litho-
sphere of the Alpine fault collision zone toward the
overthrusting zone to the northeast.

3. The collision zone is where the western sections
of the faults lie within the strongly deformed Southern
Alps. They splay outward and disappear as identifiable
faults in the strongly deformed rocks adjacent to the
Alpine fault. Offsets of some lithologic boundaries are
shown on maps (Figure 13), but these are small com-
pared with the several tens of kilometers needed to
produce the large amount of obducted crust. A different
process is needed in order to produce the movement of
large amounts of lithosphere away from the collision
zone.

3.2.1.3. Collision zone: Recent earthquakes re-
veal details of the process by which lateral expulsion of
the crust from the northern segment of the continental
collision zone is achieved. The 1994 Arthur’s Pass earth-
quake occurred within a network of GPS stations estab-
lished a few months earlier, and the mechanism was
tightly constrained by the observed displacements. The
earthquake occurred on a NNW trending cross (anti-
thetic) fault, as was shown by the distribution of after-
shocks (Figure 8b), and was sinistral in offset [Robinson
et al., 1995; Arnadéttir et al., 1995].

In 1996 a similar earthquake, the Cass earthquake,
occurred 20 km farther east and is presumed to lie on
the eastern edge of the tabular block of which the
Arthur’s Pass earthquake was on the western edge. The
cross faults end against major dextral faults that trend
parallel to the plate motion vector, in the south against
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Figure 10. (a) Structural model of the northeastern South Island after Bibby [1981] showing how the motion
on faults is believed to be partitioned into strike-slip behind, and reverse faulting at the front of the subduction
zone. The faults in plan view can be seen in the map of Figure 8. (b) The upper crust is removed and only the
lower lithosphere is shown. Lower continental lithosphere is subducted under the oceanic lithosphere.

the incipient Porter’s Pass fault zone and in the north
against the westward extension of the Hope fault. The
Hope fault last moved in a large earthquake in 1888
[Cowan, 1990]. Cowan [1990] identifies a similar struc-
tural association of through going dextral faults with
blocks bounded by cross faults throughout the zone of
transform faulting. This process of active cross faults and
rotation of blocks does not seem to be active today north
of the Awatere fault, and we may suppose that this
activity has migrated southward with time as progres-
sively more lithosphere is caught up in the plate bound-
ary deformation. Thus the rotation between the Wairau
and Awatere faults is presumed to be largely of Miocene
age, and the rotation farther south is younger still, with
the major activity today being south of the Hope fauit.

3.2.1.4. Transform zone: Continental crust
caught up in the convergence across the Alpine and
Wairau faults has moved laterally along the Marlbor-
ough fault system toward the subducted edge of the
Hikurangi subduction zone. In the last 20 years, new
fault slip rate data have become available, particularly
for the Marlborough faults. Fault slip rates are obtained
by measuring a dated offset across the fault, and while
the distance of offset can be measured with almost
arbitrary precision, determination of age is exceedingly
difficult. In the late 1970s the estimates of slip rate on
the whole of the fault system amounted to less than one
third of the plate motion. Since the geodetic strain rate
equaled the plate motion rate, this led to the suggestion
that two thirds of plate motion was accomplished by
aseismic processes [Walcott, 1978]. Holt and Haines
[1995] provide a summary of fault slip rates on the
Marlborough fault system. Using kinematic modeling
techniques [Haines, 1982], they show that when com-
bined with rock uplift information, fault slip rates are
sufficient to give a velocity of the Pacific relative to the
Australian plate indistinguishable in direction and rate
from the NUVEL 1A [De Mets et al., 1994] kinematic

model for plate motion. Evidently, those segments of the
faults parallel to the present plate motion that lie SW of
the overthrust crust take up the whole of the plate
motion and are truly conservative faults.

3.2.1.5. Overthrust zone: The direction of trans-
port of the continental lithosphere from the zone of
collision at the Alpine fault toward the subduction zone
is ENE, orthogonal to the southern edge of the sub-
ducted Pacific plate (Figure 8). Continental crust has
been thrust onto the subducted plate for up to 140 km in
the Wairau and Awatere region, and the fragment lying
on the subducted surface (stippled area in Figure 8) has
been rotated clockwise into its present position [Lamb
and Bibby, 1989]. Bibby [1981] noted that geodetic strain
axes systematically swung across the northern part of the
South Island, resulting from a change in faulting style
with northeast trending reverse faults in the east and
subparallel strike-slip faults in the west (Figure 10a).
This change indicated strain partitioning, with motion
parallel to the plate boundary taken up on one set of
faults and perpendicular motion taken up on another
set. Van Dissen and Yeats [1991] showed, through struc-
tural mapping, that strike-slip motion on the Hope fault
terminated in shortening across the Jordan thrust. Lamb
and Bibby [1989] argued that the uplift of the Seaward
and Inland Kaikoura ranges and others as well were the
result of oblique slip on the northeastern ends of the
major Marlborough faults. They showed that a swing in
the trend of the Marlborough faults from parallel to the
plate motion vector in the west through about 30° to a
trend NW-SE in the east coincided with the southwest
edge of the subducted Pacific plate. Strike-slip motion
on the western portions of the fault was accommodated
on the eastern faults in part by shortening and crustal
thickening and in part by rotation of the oblique slip
faults and crust.

3.2.1.6. Rotation of obducted crust: Most of the
convergence across the southern edge of the Hikurangi
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Figure 11.

Seismicity under the northern South Island [from Anderson et al., 1993]. The Tonga-Kermadec-

Hikurangi subduction zone ends at the heavy dashed line and the abrupt shallowing of the deepest
earthquakes from 250 to 100 km in depth shown in profile A-A’. Southwest of the dashed line a small Benioff
zone dips to the north and can be seen in profile A-A’ dipping northeastward and in profile C-C’ dipping

northwestward.

subduction has occurred in the last 4 Myr [Lamb and
Bibby, 1989]. Rotation of the leading edge is seen in
paleomagnetic studies and anomalous paleomagnetic
declinations [Walcott et al., 1981; Roberts, 1992, 1995;
Vickery and Lamb, 1995]. Late Cenozoic sedimentary
rocks in northeasternmost Marlborough have paleomag-
netic declinations indicating a coherent dextral rotation
of about 30° since 4 Ma. The nature of the transition
from translation to rotation of the overthrust crust is
described by Little and Roberts [1997] on the basis of the
rotated structural fabric of the basement rocks. The
amount of dextral slip on the major strike-slip faults
decreases toward the edge of the rotated block in the
manner envisaged by Lamb and Bibby [1989]. Pre-Plio-
cene rotation of about 90° seen in the paleomagnetic

declinations of older rocks points to very substantial
rotations in at least part of the obducted crust [Vickery
and Lamb, 1995].

3.2.1.7. Subduction of lower lithosphere: Lower
continental lithosphere must separate and move down-
ward under the edge of the NW dipping, subducted
Pacific plate, while the upper crust is being obducted
onto it. The subduction of the lower lithosphere is shown
by NE dipping earthquakes in Figure 11 [from Anderson
et al., 1993] and is illustrated in Figure 10b. The defor-
mation associated with this NE directed collision with
the subducted plate can be identified up to 130 km south
of Kaikoura into north Canterbury where the lower crust
and mantle first start to dip northward [Reyners and
Cowan, 1993]. There northward verging thrusts and
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folds of Pliocene—Quaternary age in north Canterbury
[Nicol et al., 1994], as well as offshore [Barnes, 1996],
result in northward crustal thickening and increasing
separation of upper and lower lithosphere. The north-
ward verging fold and thrust belt marks the southern
limit of a “Marlborough overthrust complex” which,
though structurally associated with the southeast verging
Hikurangi subduction complex, is a distinct major struc-
tural feature of the northern South Island related to the
NE transport of continental lithosphere away from the
collision zone.

3.2.1.8. Crustal thickening and erosion:  Uplift of
the Kaikoura Ranges along reverse faults [Lamb and
Bibby, 1989] show that some shortening across the plate
boundary zone is accommodated by crustal thickening,
but most is taken up by the transport of crust away from
the collision along the dextral strike-slip faults to over-
thrust the subducted oceanic lithosphere to the north-
east. The transport is achieved by two mechanisms: the
rotation of tabular blocks of crust between synthetic
dextral faults and antithetic sinistral faults and their
sideways expulsion over the adjacent subducted oceanic
lithosphere. Erosion is not the dominant mechanism as
it is in the central part of the South Island. In the north,
crust is mostly conserved and has merely been pushed
sideways away from the collision toward the adjacent
subduction zone.

The division between conservative mechanisms of the
north and the erosional destruction of continental crust
of the central region is gradational, and an increasing
proportion of excess crust is accommodated by rock
uplift along the Southern Alps and erosion with distance
southward from the Wairau fault.

3.2.2. Deformation west of the Alpine and Wairau
faults. The distinctive tectonic feature on the western
side of the northern segment of the plate boundary is the
reactivation of Late Cretaceous and early Cenozoic ex-
tensional faults in the Miocene as reverse faults [Gage,
1952]. Inversion of earlier basins is pervasive throughout
the region and northward into the offshore Taranaki
basin. The movement occurred mainly in Pliocene-Qua-
ternary time [Nathan et al., 1986]. Miocene reverse faults
that resulted in the uplift of many of the main ranges of
northwest South Island are no longer active, though
there exists a belt of seismicity extending northward
through the northwesternmost South Island within
which three of the largest earthquakes of the twentieth
century have occurred. Despite this recently high level of
activity, the deformation is at a low level on a longer
timescale [Holt and Haines, 1995].

Kamp et al. [1992] suggest from their fission track
studies that denudation of several kilometers of crust
occurred in Westland adjacent to the Alpine fault during
late Miocene to Recent time, with the amount of rock
uplift increasing northward from some 3 km in the south
to as much as 12 km in the north.

The Alpine fault bends sharply through an inflection
of about 20 km in the northern segment of the plate

Walcott: TECTONICS OF SOUTH ISLAND, NEW ZEALAND e 13

boundary. The Alpine fault is considered [Walcott, 1978;
Anderson et al., 1993] to have once been straight, con-
tinuing along the Wairau fault and Cook Strait to the
Hikurangi subduction zone, and the bend is thought to
have been caused by differential shortening of some 20
km in northwest South Island during the late Miocene
and Pliocene—Quaternary (shown stippled in the top
inset in Figure 8). If so, the steepest gradient in the
differential shortening would be immediately west of the
bend. Along the north coast of the South Island there
are a number of NE trending reverse faults and ENE
trending dextral faults involving fault slivers of Oligo-
cene sediments [Mortimer, 1993]. The reconstruction in
the top inset of Figure 8 accounts for the consequent
NW-SE shortening by stretching the north coast of the
South Island through 30%, but the actual amount and
age are unknown.

3.3. Central Segment

From 12 to 6 Ma the amount of convergence between
the plates was small, only about 15 km in the central
parts of the Alpine fault, or less than one fifth of the
total. By far the greatest shortening occurred in Plio-
cene—Quaternary times. The area of crust lost since 6.4
Ma is about 27,000 km? (300 X 90 km), and taking the
crust to be originally 25 km thick, a volume of 0.6 X 10°
km? has been lost from the plate boundary zone. A root
under the Southern Alps presumably developed early in
the period of compression together with the rise of the
Southern Alps. Its volume is roughly estimated to be
0.25 X 10° km? taking its dimensions to be length of 300
km, width of 85 km and increased depth over normal
crust of 20 km. The last is not well known, but it is
unlikely to be more than 25 km, and from gravity mod-
eling it is estimated to be 10 to 15 km [Stern, 1995]. Most
of the accommodation is therefore by erosion, and
around 0.35 X 10° km® of sediment is expected to have
come from the eroding Southern Alps during the Plio-
cene—-Quaternary.

Sediment accumulated largely along the west coast of
both South and North Islands in a thick (3-4 km),
prograding wedge of clastic sediments some 50-100 km
wide and 700 km long forming the characteristic “pro-
grading clinoforms” of the Westland basin [Sutherland,
1996] and “Giant Foreset Beds” of the Taranaki basins
accounting for 0.2 X 10° km? (700 X 80 X 3.5). Sediment
carried great distances east of the eroding Southern Alps
to the Bounty Fan (20,000 km? in area, about 2 km thick)
and northward by the boundary current to be deposited
in the Hikurangi and Kermadec Trenches [Carter and
McCave, 1994] account for about 0.1 X 10° km®. The
remaining 0.05 X 10° km® may be on the shelf and
platform in east central South Island or carried even
farther afield by currents in the Tasman Sea.

3.3.1. West of the Alpine fault. Today, the cen-
tral parts of the west coast are stable and part of the
Australian plate, and most deformation occurs at or east
of the Alpine fault. Numerous large earthquakes occur
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Figure 12. Slip directions and source mechanisms of large recent earthquakes from Anderson et al. [1993].
Earthquake depth in kilometers is shown adjacent to the source mechanism.

on the southernmost west coast around and south of
Jackson Bay (Figure 13). All are thrusts with slip vectors
(Figure 12) in the direction of relative plate motion
[Anderson et al., 1993] and presumably are due to
oblique slip on the Alpine fault where Pacific plate
continental crust impacts subducted oceanic lithosphere.
In central parts of the west coast of the South Island,
however, there is currently little seismic activity, and
flat-lying Pliocene sediments of the Westland basin be-
yond the coast indicate little deformation there in the
last 3 Myr apart from a regional subsidence. Active
deformation continues in the northern and southern

west coast as well as within 5 km of the central part of
the Alpine fault.

3.3.1.1. South Westland fault zone: Earlier, in
the late Miocene, deformation west of the Alpine fault
was more extensive than it is today, and a major, steeply
dipping dip-slip fault, the South Westland fault zone
(SWFZ) developed approximately along the present
coastline some 20 km west of the Alpine fault. Near
Jackson Bay, in southern Westland, southeast dipping
reverse faults of the SWFZ became active in the mid-
Miocene [Nathan, 1978; Sutherland, 1996]. Dip-slip dis-
placement of around 3.5 km resulted in the formation of
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Figure 13. Central Alpine fault and Southern Alps. At small scale the Alpine fault is straight and trends 55°
and bounds high grade schists of the Southern Alps. At large scale (top left inset) the Alpine fault is complex
with short thrust segments linked by transfer faults [from Norris and Cooper, 1995]. The bottom right inset of
the Franz Josef-Fox area shows locations of samples with their estimated depth (in kilometers) and
temperature of metamorphism (in degrees Celsius) [from Grapes, 1995].

a coastal monocline. Bathyal clastic sediments conform-
ably overlie shallow-water Oligocene limestones, which
were deposited on an unconformity cut on Paleozoic and
older crystalline and sedimentary rocks that form the
basement of Westland and the Challenger Plateau. So
evidently, through Oligocene and early Miocene times
the basement subsided, with sedimentation failing to
keep up with the subsidence until at the end of the
Miocene, the ocean floor lay at depths of ~1-2 km like
the rest of the Challenger Plateau today [Wood, 1991].
The onset of rapid compression in latest Miocene re-
sulted in rapid deposition of clastic sediments derived
from the eroding Southern Alps and continued slip on
the SWFZ. Basin infilling from the coast westward oc-
curred during the Pliocene through northwestward pro-
grading wedges of clastics. A borehole, Waiho-1 (Figure
13), located a few kilometers northwest of the SWFZ,
yields the history of deposition adjacent to the Southern
Alps [Sutherland, 1996]. The earliest sediments are Oli-
gocene limestones overlain by bathyal Miocene clastic
sediments. Sedimentation rates were very low up until
the mid-Miocene, around 12 Ma, when clastic sediments
first appear in any quantity. About 1000 m of sediments

older than 6.4 Ma occur in Waiho-1. The bulk of the
sediments, 2500 m, are younger. Rapid accumulation of
sediments and erosion of the source region commenced
in the late Miocene (the precise timing is not resolv-
able), in general agreement with plate tectonic history.
Interestingly, sedimentation rates on the west coast are
low throughout the early Miocene, a period of particu-
larly rapid sedimentation on the east coast of the North
Island and the northeastern South Island. Oligoclase-
garnet zone schist typical of the rocks now outcropping
along the eastern side of the Alpine fault appears
around 3 Ma.

The South Westland fault zone continues northward
approximately along the present coastline, producing a
step of several kilometers in depth to basement and
defining the southeastern edge of Westland basin. Kamp
et al. [1992] identify the Westland basin as a foreland
basin produced by flexural downwarping through thrust-
ing at is southeastern margin. Sutherland [1996] argues
that the basin formed largely by subsidence under the
load of Pliocene—Quaternary sediments. At issue here is
the cause of the initial subsidence that has been isostati-
cally amplified by sedimentation. As the Waiho-1 bore-
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hole indicates, there was already a deep, unfilled depres-
sion by the time rapid sedimentation commenced in the
late Miocene, and the question is whether that depres-
sion is large enough in itself to account for the present
thickness of Pliocene~Quaternary sediments without the
need for thrusting at the margin. Isostatic subsidence
due to the load of Pliocene—Quaternary sediment would
be 2.3 times the initial depth of water, if locally compen-
sated, and less than that if the lithosphere partly sup-
ports the load. For local compensation, take the initial
depth of water to be H and the thickness of the accu-
mulated sediments of density 2.3 Mg/m® to be X, then
X = 2.3 H. Since X is close to 3.5 km, H would be
around 1500 m, about the average depth of the Chal-
lenger Plateau west of the influence of Pliocene—Qua-
ternary sedimentation. The movement on the SWFZ is
therefore largely an isostatic response to the sedimen-
tary load, and the SWFZ is primarily due not to thrust-
ing but to isostatic amplification of a preexisting depres-
sion. The Westland basin and the Pliocene—Quaternary
Taranaki basin farther north are better described as
prograding deltaic basins like those at passive margins
where there is a large sediment source rather than as a
foreland basin [Beaumont et al., 1996] produced by
thrusting at the margin. The contribution to basin sub-
sidence by plate margin thrusting is likely to be small, if
it occurs at all.

3.3.1.2. Low-angle basement thrusts west of the
Alpine fault: In central Westland, low-angle thrusts
within 5 km of the Alpine fault carry basement over
Miocene sediments and, in places, Pleistocene gravels
[Rattenbury, 1986, 1987]. The stack of thrusts splays
westward from the Alpine fault [Rattenbury, 1986]. The
present-day dip of the Alpine fault is around 50°. When
motion on the fault was purely strike-slip, it seems likely
that the fault was vertical. Thus the low-angle thrusts can
be understood as resulting from the shallowing of dip of
the Alpine fault as it evolved from a vertical strike-slip
fault in Miocene time to the southeastward dipping
oblique slip fault of today [Sibson et al., 1979]. Although
some of the thrusting is recent, zircon fission track
studies suggest that the uplift and denudation associated
with the emplacement of the thrust sheets occurred
about 9 Ma [White and Green, 1986).

3.3.2. The Alpine fault. At the northern end of
the Fiordland block the rate of slip on the Alpine fault is
about equal to that of relative plate motion. There
Wellman and Wilson [1964] calculated from offset mo-
raines a horizontal slip rate of 25 mm/yr, a result con-
firmed in detailed work on several offset features by
Sutherland and Norris [1995]. Uncertainties in age or the
geometry of offset leave uncertainties in slip rates of
about 6 mm/yr.

In the central segment the Alpine fault appears to be
very straight and sharply defined on small-scale maps.
Norris et al. [1990] and Norris and Cooper [1995] have
described the shallow structure of the Alpine fault and
show it to be more complex with short NNE-SSW thrusts
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carrying mylonites and schist over Pleistocene gravels
linked by ENE-WSW to ESE-WNW transfer faults (Fig-
ure 13). The rate of thrusting is not well determined but
is estimated to be 5-15 mm/yr. Slip rates parallel to the
55° trend of the Alpine fault are at least 25 mm/yr.
Berryman et al. [1992] also estimate rates of slip at a large
fraction of the plate motion rate.

3.3.2.1. Direction of plate motion: The direction
of relative plate motion near Franz Josef is 73°, and it is
frequently stated that directional indicators of striations
on transfer faults and stretching lineations in mylonites
are parallel to plate motion. This is incorrect. The di-
rection of motion revealed by the strike of the transfer
faults is systematically clockwise by some 20°. The top
left inset in Figure 13, modified from Norris and Cooper
[1995], shows the transfer faults in central Alpine fault to
be about 85°. Striations on the transfer faults range in
azimuth from 65° to 120°. A systematic clockwise swing
in direction is also seen in the orientation of the stretch-
ing lineations in the mylonites of the Alpine fault (Fig-
ure 14). Described by Sibson et al. [1979], the stretching
lineations mostly point 90° with some particularly well
developed and consistent sets at 120°. There is scatter in
the directions, but none trend at an azimuth of less than
70°. The average for a large part of the central Alpine
fault is about 100°. The plunge of the lineations varies
from 17° to 52° degrees, with some of the best deter-
mined being the higher values. A slip vector of 73°
requires the ratio of motions normal and parallel to the
Alpine fault trend to be the same as those for the overall
plate motion, and a clockwise swing in the slip vector
requires a higher proportion of normal to parallel mo-
tion. Where a slip vector direction of 90° (=55° + 35°)
occurs, the ratio of normal to parallel motion would be
0.7.

3.3.2.2. Drag on the Alpine fault: Some freshly
glaciated surfaces at distances of ~3-5 km from the
Alpine fault show displacements by slip on schistosity
planes like those at the fault itself: up to the east, dextral
offset with a principal axis of shortening of 126° azimuth
similar to that of earthquakes and geodetic strain and to
the long-term slip on the Alpine fault [J. Adams, 1979;
Norris and Cooper, 1986]. J. Adams estimated the verti-
cal strain by summing vertical displacements across a
100-m-wide outcrop and obtained a value of 3 X 107>,
The outcrop was deglaciated some 20 years before, and
assuming the displacement commenced then, he ob-
tained an uplift rate of 17 mm/yr across the outcrop.
Norris and Cooper [1986] reexamined the outcrop and
observed no change in displacement in the 6 years since
the first observation. It is possible therefore that the
observed displacements accumulated over a longer time
interval or that they developed episodically. Their exis-
tence may point more toward short-term high-stress
conditions near the culmination of the earthquake cycle
than toward a sustained deformation. Certainly when
the Alpine fault is modeled as a thrust locked at depths
of around 5 km, the most intense strains and stresses at
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Figure 14. Stretching lineation directions from Sibson et al. [1979]. The mean direction is about 80°, but there
is a clear difference between those in the Franz Josef-Fox area and those to the north and south. An
explanation is that the ratio of the normal component of motion to the strike-slip component is greater in the
center than at the ends of the Alpine fault. The mean direction of 120° in the Franz Josef area requires a
shortening rate twice the value of the strike-slip rate, whereas at the northern and southern ends the direction
of motion is close to the relative plate motion with a normal:strike-slip ratio of 0.3.

the surface occur at about the distance from the Alpine
fault that the displacements are found.

Whatever the cause of these displacements, they
point toward the accommodation of some of the defor-
mation between the plates at least 5 km southeast of the
Alpine fault. The sense of displacement is the same as
that on the Alpine fault, so these displacements would
lessen the amount on the Alpine fault. J. Adams [1979]
referred to the off-fault accommodation of strain as fault
drag, but it would be so only if it were a large fraction of
the total. A strain of 3 X 1072 indicates that a significant
proportion of the deformation could be taken up off-
fault. However, not knowing the time over which the strain
accumulated prevents drawing any definite conclusions.

3.3.3. Rock uplift, exhumation, denudation, and
the thermal structure of the Southern Alps. The in-
crease in metamorphic grade from eastern South Island

westward to the Alpine Fault (Figure 13) has long been
held [Suggate, 1963] to be due to an increase in depth of
erosion with some 20-30 km of exhumation adjacent to
the fault in the Fox-Franz Josef Glacier area and some-
what less than that to the north and south. Potassium-
argon studies [Mason, 1962; Sheppard et al., 1975; C.
Adams, 1979, 1981; Adams and Gabites, 1985] estab-
lished that rocks within 12 km of the Alpine fault have
K-Ar ages less than 10 Ma with apparent age progres-
sively increasing eastward to Jurassic—Early Cretaceous
ages in greywackes far from the fault.

3.3.3.1. Fission track studies: Kamp et al. [1989]
show that fission track ages determined from apatite and
zircon are very young near the Alpine fault and increase
systematically with distance eastward, just as the K-Ar
ages do. In transects normal to the Alpine fault, apatite
ages are zero out to a distance of around 30 km after
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which ages increase to about 40 Ma. Zircon fission track
ages are also low near the fault, but around 10 km they
increase sharply to Mesozoic ages. The point in the
transect where the age for each mineral first start to
increase is taken to mark the base of an exhumed partial
annealing zone for that mineral.

Annealing in apatite and zircon is manifest in reduced
track length and track density and is a time and temper-
ature dependent process. At very high temperatures,
tracks are annealed as fast as they are formed, but when
the temperature drops below a value characteristic of
the mineral, tracks survive. Even then they anneal slowly
with time, and only when the temperature drops suffi-
ciently far do all tracks survive unaltered over geological
time. This lower temperature is sometimes referred to as
the closure temperature of the mineral. Apatite samples
collected from deep boreholes where the ambient tem-
perature is above the closure temperature show track
densities, and hence apparent ages, less than those for
rocks at shallower depths in the hole. The apparent age
decreases progressively with increasing depth and tem-
perature until it becomes zero. This depth is inferred to
be the base of the partial annealing zone.

Tippet and Kamp [1993a, b] report a number of addi-
tional fission track studies east of the Alpine fault and
map the outcrop of the base of apatite and zircon partial
annealing zones (PAZ). By assuming an initial geother-
mal gradient and inferring the temperature of the PAZ
from elsewhere, they estimate the depth at which the
rocks initially lay and hence the uplift that has occurred
during the collision. There are two problems with their
analysis: the temperature, and hence the depth, inferred
for the base of the zircon partial annealing zone, and the
implicit model from which rates and amount of uplift are
inferred.

The temperature at the base of the apatite PAZ is
estimated from samples collected from boreholes in the
Otway basin. There, for samples that have been main-
tained at high temperatures for geological time periods,
it is 125°C, and the apatite closure temperature is
around 60°C [Tippet and Kamp, 1993a].

For zircon the temperature at the top of the PAZ
exceeds 200°C on a geological timescale of several mil-
lion years in zircons from a deep borehole in the Vienna
basin [Tagami et al., 1996], consistent with the closure
temperature estimated by Hurford [1988] of 240° = 50°C
obtained from cooling and uplift patterns in the Lepon-
tine Alps by extrapolation between K-Ar and Rb-Sr mica
ages and apatite fission track age. However, there is no
direct measurement of the temperature of the base of
the zircon PAZ on a geological timescale, and estimates
vary widely. Kamp et al. [1989] and Tippet and Kamp
[1993a, b] assume a temperature of 265°C, very close to
the closure temperature of Hurford [1988]. This appears
to be much too low. An experimental study by Yamada
et al. [1995] relates variation in normalized mean track
length r of confined lengths of spontaneous fission tracks
in zircon to the time and temperature of annealing. The
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experimental times and temperatures are extrapolated
on an Arrhenius diagram to geological time periods. For
a time of 50 Ma, which is appropriate for those rocks in
the Southern Alps that have attained long-term equilib-
rium, estimates for the partial annealing zone tempera-
tures in their preferred model are 170°C for the low-
temperature bound (i.e., the top of the PAZ), defined
for r = 0.95, and 390°C for the high-temperature bound
(base of the PAZ), defined for r = 0.4. The definition of
Tippet and Kamp [1993a] for the base of the zircon PAZ
in terms of age is not the same as that for the experi-
mental study, which is in terms of track length distribu-
tion, and there are insufficient published data to estab-
lish a relationship between one definition and the other.
However, it is apparent that the temperature at the base
of the PAZ is not well determined. It is likely to be
greater than 265°C and may be as much as 390°C.

In their analysis of the fission track ages and outcrop
patterns of the partial annealing zone, Tippet and Kamp
derive and map a number of parameters: “rock uplift,”
“mean uplift rate,” and “uplift age.” The meaning of
these parameters is not obvious. Their mean uplift rate
map [Tippet and Kamp, 1993a, Figure 13] differs consid-
erably from the uplift rate maps of Wellman [1979] or
Adams [1980] with values about 4 times smaller.
Whereas the rates estimated by Wellman and Adams are
sufficient to provide a flux of material through the sur-
face to balance crustal convergence, this is not so for
Tippet and Kamp’s mean uplift rate. Wellman’s and
Tippet and Kamp’s uplift rates in profile are shown in
Figure 15. The amount of rock uplift is similarly much
smaller than the amount of crust lost since 6.4 Ma. From
their map of total uplift [Zippet and Kamp, 1993a, Figure
10] it is easy to compute the total volume of rock that
would have been eroded. It is 0.1 X 10° km® compared
with the 0.6 X 10° km?® given earlier.

The principal difficulty with their analysis is that it is
one dimensional for what is inherently a two-dimen-
sional problem: with a total shortening of 90 km there is
a very much larger component of motion parallel to the
isotherms than perpendicular to them, and the isotherms
are not everywhere parallel to the surface.

A more appropriate, two-dimensional, model is illus-
trated in Figure 15 based on a suggestion by Wellman
[1979]. Pacific lithosphere consisting of 25-km-thick
crust resting on old oceanic lithosphere, converges on
the Alpine fault at 13 mm/yr. At a distance of 100 km
from the Alpine fault, the oceanic lithosphere separates
and sinks into the asthenosphere, and the crust is de-
flected upward to be eroded at the surface. A root of
lower crustal material is assumed to have formed early
during convergence and now supports topography of
about 3 km at the Main Divide. The total area of rock
removed by erosion or accumulated as a root is 90 X 25
km. The velocity of rock everywhere is 13 mm/yr, and the
vector is steeper at the Alpine fault (60° in this model),
progressively less so eastward to be less than 1 mm/yr at
distances greater than 65 km from the Alpine fault. The
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Figure 15. Cross section illustrating the presumed

1: N at surface shortening process occurring in the Southern Alps.
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of velocity at the surface is shown in the top diagram as

the heavy solid line and is close to that given by

Wellman [1979, Figure 1]. The uplift curve from Tippet

and Kamp [1993a, Figure 10] (dotted) is also shown.

The positions at which rocks originally at temperatures
of 375°C and 125°C, outcrop, taking the initial thermal

inclination of the velocity vector can be estimated from
the horizontal width at the surface of zones whose initial
vertical separation is known. Thus the 20-km horizontal
separation between the base of the apatite and zircon
PAZs, were initially separated by 10 km in the model,
requires an inclination of about 30° at that part of the
profile. The vertical component of velocity at the surface
is shown in the upper graph and is presumed to follow an
exponential curve Wye ™ **, where W, is the uplift rate at
the Alpine fault and x is the distance from the fault.
Assuming erosion to now balance convergence, a must
equal W, divided by the product of the convergence rate
(13 mmy/yr) and crustal thickness (25 km). W, is taken to
be 11.5 mm/yr, and the curve closely corresponds to the
uplift rates estimated by Wellman [1979, Figure 1]. Sam-
ples a through e at the surface today would have been
located at @’ through e’ at depths of 5 to 25 km at the
start of convergence, and taking the geothermal gradient
to be 25°C, a’ would lie at the base of the apatite PAZ
(125°C) and ¢’ would be near the base of the zircon PAZ
(375°C). The model fits the fission track data well. The
base of the apatite PAZ outcrops at a, about 35 km from
the Alpine fault, just as Tippet and Kamp [1993, Figure 3]
show. The base of the zircon PAZ lies a variable distance
from the Alpine fault of 25 km near Haast and only 7 km
at the northern end of the central segment of the plate
boundary. Mostly, however, it outcrops at ¢, 15 km from
the fault, as is shown in the model.

Using the two-dimensional model, the meaning of the
parameters used by Tippet and Kamp [1993] can be
deduced. The parameter “rock uplift” is the distance
from the surface to the initial depth; i.e., at a the rock
uplift is 5 km (the distance from a’ to the surface), while
at ¢ it is 15 km (the distance from ¢’ tothe surface). This

gradient to be 25°C/km, are shown as ¢ and a and are
close to the observed outcrop of the base of the partial
annealing zones of zircon and apatite (arrows). The
dashed line in the bottom diagram represents the
present position of the 375°C isotherm advectively
deflected upward. The apparent age of the sample at ¢
will be related to the time spent within the partial
annealing zone and is related to path length from the
surface to the cross.

is not the same as the amount of rock removed ata orc,
which is ~90 km in both cases. The parameter “age of
uplift” is determined from the “weighted mean of reset
and annealing zone age pair in each transect” [Tippet
and Kamp, 1993a, p. 16,138]. In the two-dimensional
model this represents the age of the sample at ¢, which
first began to cool from its initial temperature at some
position such as that marked with the cross. The path
length is 50 km from the cross to the surface at ¢, and
with a velocity of 13 mm/yr an apparent track age for ¢
would be 4 Ma. This is similar to the ages given by Tippet
and Kamp [1993a, Figure 12]. The time taken in trans-
port from the position ¢’ to the position of the cross is
not included in the age of uplift, and hence age of uplift
is not equivalent to the age at which compression, or
even rapid rock uplift, commenced. The parameter
“mean uplift rate” is determined by dividing rock uplift
by age of uplift and is hence an average vertical speed at
which a sample moves from its initial depth to the
surface. As uplift rate is likely to be highly nonlinear with
time, very much slower in the beginning than at the end,
the mean uplift rate is not a useful parameter. It is
certainly not equivalent to the vertical component of
velocity at the surface, which is what others mean by
uplift rate.

The uncertainty in the temperature of the base of the
zircon PAZ currently limits the value of fission track
studies in estimating the temperature-depth structure.
However, these studies clearly have great potential
value. Kamp et al. [1989], and subsequent authors, have
demonstrated that the exhumed partial annealing zones
of apatite and zircon can be mapped in a coherent way
within the Southern Alps. While the outcrop pattern of
the PAZs is likely to be related to the temperature,
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structure, and deformation history, estimates of the tem-
perature and depth of the PAZ boundaries need to be
further constrained by experiment and observation.

3.3.3.2. Definitions: Two-dimensional deforma-
tion requires some modification of the definitions intro-
duced by Molnar and England [1990] for one-dimen-
sional erosion and uplift. As with the one-dimensional
case, rock uplift is the vertical component of the dis-
placement vector relative to sea level, but in two dimen-
sions it may vary in horizontal position and depth. Sur-
face uplift remains the vertical component of the Earth’s
surface displacement relative to sea level, and exhuma-
tion, which in one dimension is the difference between
rock uplift and surface uplift and so is the thickness of
rock removed at the surface, is now better defined as the
net vertical displacement relative to sea level. In two
dimensions the amount of rock removed by erosion at a
point on the Earth’s surface may be vastly greater than
the exhumation and is better referred to as denudation.
Thus in Figure 15 a rock at ¢ has been exhumed from a
depth of 15 km by denudation of some 90 km.

3.3.3.3. Rockuplift rate: Considering how impor-
tant they are in modeling deformation [Beaumont et al.,
1996] and thermal structure [Allis and Shi, 1995] there is
remarkably little hard, direct information on rates of
rock uplift anywhere near the Alpine fault. There have
been no geodetic measurements of uplift rate to date.
Adams [1980] and Wellman [1979] summarize the infor-
mation available until 1980. Adams [1980] lists a number
of observations that can be reasonably interpreted as
indicating uplift rates immediately southeast of the Al-
pine fault of around 11 mm/yr at the Paringa River and
12 mm/yr at the Wanganui River, locations about 50 km
southwest and northeast of the Waiho River, respec-
tively. Both are open to alternative explanations and are
contentious. In modeling uplift rates across the Southern
Alps, Adams [1980] derived the variation in uplift rate
with distance by requiring the integral of the uplift curve
to equal the convergence rate.

For his map, which has been the principal source of
uplift rate data in most work for the last several years,
Wellman [1979] measured and correlated tilted shore-
lines on late Quaternary lakes southeast of the Southern
Alps. He inferred the tilt to be relatively simple in
pattern and to increase exponentially toward the South-
ern Alps, doubling every 7-8 km. By integrating the
exponential relationship, he deduced uplift rates of 0.5
mm/yr, increasing to 2 mm/yr some 55 km southeast of
the Alpine fault. For the crest and western slopes of the
Southern Alps he assumed a relation between summit
heights, rainfall, and uplift. Northwest of the crest of the
Southern Alps he summarized a variety of information
on river aggradation terraces and inferred the highest
rates, 17 mm/yr, to occur 5 km southeast of the Alpine
fault.

More recently, Cooper and Bishop [1979] identified a
prominent terrace at 1450 m and another at 960 m
southeast of the Alpine fault near Haast in south West-
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land as marine terraces. Adams [1980] presumed these
to be penultimate and last interglacial terraces and cal-
culated uplift rates of 6 and 8 mm/yr. Bull and Cooper
[1986], in a rather more developed analysis, identify
further notched ridge crests and flat summits on the
steep western ridges descending to the Alpine fault from
the Southern Alps as a sequence of marine terraces. The
ages of the terraces are inferred by correlating their
relative height sequence with the Huon Peninsula se-
quence of marine shorelines. Rates of uplift in the
central Alpine fault are estimated to be about 8 mm/yr
for the last 135 kyr and somewhat less earlier. The
identification of the notches as marine terraces is con-
tentious [Ward, 1988], and their inferred ages are model
dependent and await confirmation by direct dating.

3.3.3.4. Lower lithosphere subduction: Lower
lithosphere subduction must occur merely to accommo-
date the consumption of the lithosphere, as was pointed
out clearly by Wellman [1979]. Where the lithosphere
splits, either in vertical section or in horizontal location,
into that part which is eventually uplifted and eroded
and that part which sinks into the asthenosphere is not
known. Small, intermediate-depth earthquakes down to
depths of 80 km under the Southern Alps [Reyners, 1993]
presumably arise in the subducted lower lithosphere.
The subduction of lower lithosphere has important con-
sequences for the thermal structure in that isotherms are
carried down and thus flatten the thermal gradient in the
region where the separation occurs between uplifting
and subducting lithosphere.

3.3.3.5. Heat flow and thermal structure: The
only direct measurement of heat flow is reported by Allis
and Shi [1996]. A 220-m drill hole 4 km SE of the Alpine
fault in the Waiho valley within the outcrop of high-
grade schists gave a gradient, after a 40% correction for
topography, of 60° = 15°C/km and heat flow of 190 *
mW/m? All other cited information on the thermal
structure in the vicinity of the Alpine fault is based on
estimates from thermal modeling, based on rates of
uplift and a presumed geothermal gradient, or fluid
inclusion and fission track studies. Fission track studies
are discussed in a separate section below.

Holm et al. [1989] report very high temperatures at
shallow depths inferred from studies of fluid inclusions
in veins of the high-grade schists of the Waiho valley.
Depth-temperature estimates of 3 km at 285°C, 6—8 km
at 310°-350°C, and 15-20 km at 400°-450°C are given.
The brittle-ductile transition is estimated to occur at
depths of 5-6 km. Jenkins et al. [1994] studied calcite and
quartz veins developed in steeply dipping fissures within
the high-grade schists and argue, using stable isotopes,
that they were deposited from mainly meteoric water
under hydrostatic pressures down to the brittle-ductile
transition. Pressure estimates obtained from fluid inclu-
sions in fissure veins of quartz and calcite were in the
range 200-400 bars for temperatures estimated to be
200°-350°C. Again, this work pointed to very high tem-
peratures at shallow depths.
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Allis and Shi [1995] and Shi et al. [1996] model the
evolution of the thermal regime in the Southern Alps
since 10 Ma with boundary conditions based on (1)
convergence of 70 km at rates increasing linearly from 5
Ma to a present rate of 20 mm/yr, and (2) rock uplift and
erosion rate of the upper surface of the profile taken
from the Wellman [1979] uplift map. Insofar as these two
conditions do not balance, so that erosion fails to keep
up with the increasing rate of convergence, there is a net
accumulation of crust at depth as crustal thickening. The
main feature of their model is that geotherms are carried
both downward with the sinking of the lower part of the
lithosphere and the accumulation of crust at depth as
well as upward near the Alpine fault so that the gradient
becomes quite flat near the base of the crust. The ther-
mal structure fits the observed thermal gradient well.
Temperature estimates inferred by Kamp and Tippet
[1993] from reset ages in fission track and K/Ar studies
also fit this model. The model does not fit the data of
Holm et al. [1989] nor those of Jenkins et al. [1994]. Allis
and Shi [1995] argue that fluid inclusion depths may be
due to episodic periods of lowered pressure following
earthquakes. It is clear, however, from the Shi et al.
[1996] modeling that a shift in boundary conditions, the
speed of transport of lower crust toward the surface, or
the initial temperature profile could result in higher
temperatures being carried upward, resulting in an ele-
vated rather than a depressed brittle-ductile transition.

3.3.4. Intrusion of the lower crust along the Alpine
fault. The Fox-Franz Josef Glacier area, lying near
the middle of the Alpine fault, is unusual in that the
width of the high-grade schist is about half that to the
north and south; at Haast in the south it is about 15 km,
and at Wanganui River in the north it is ~10 km. While
this area is one of the most intensively studied, it may
not be typical of elsewhere on the Alpine fault. How-
ever, it displays features that point to an important
structural process that develops during compression of
continental crust: intrusion of the ductile lower crust
upward into the brittle upper crust (Figure 16).

3.3.4.1. A highly condensed lower crustal section:
Pressure-temperature (P-T) estimates of 10 samples
from the high-grade schist section near the Franz Josef-
Fox Glacier region are reported by Grapes and
Watanabe [1992]. All rocks come from a 5-km-thick
section immediately east of the Alpine fault (Figure 13,
bottom right inset) in which zircon fission track and
K-Ar ages are less than 5 Ma. P-T conditions are esti-
mated using garnet-biotite Fe-Mg exchange geother-
mometry and garnet-biotite-muscovite-plagioclase geo-
barometry. Maximum temperature and pressure
conditions of 625°C and 9.2 kbar, for the sample closest
to the Alpine fault, are consistent with the high-pressure
anatexis shown by mica pegmatites within the schists
south of Fox Glacier. Assuming a mean density of 2.75
Mg/m?, the maximum burial depth is 35 km. The inset at
bottom right in Figure 13 shows the location of samples
together with the estimated depth (in kilometers) and
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Figure 16. Cartoon of lower crust intrusion in convergent
zone showing velocities normal to the plate boundary. Particle
velocities (large arrowheads) are relative to the foot wall of the
thrust, which is held fixed. Vertical and horizontal components
have small arrowheads. On the right the plate convergence
component is shown by the horizontal arrow.

temperature at metamorphism. The sample farthest
from the Alpine fault, located at the garnet isograd,
gives a temperature of 420°C and a pressure of 5.1 kbar
equivalent to a depth of 20 km. These rocks, collected
over a 5 km wide section, were initially metamorphosed
at depths from 20 to 35 km.

3.3.4.2, Ductile deformation in the high-grade
schists:  Grapes and Watanabe [1992] suggest that the
thinning of the condensed section to one third of its
original thickness occurred during the late Cenozoic by
ductile flattening of the schists normal to foliation dur-
ing their uplift toward the surface. They add that short-
ening normal to the steeply dipping schistosity could also
occur during strike-slip motion resulting from drag along
the Alpine fault. Ductilely deformed quartz veins within
the high-grade schists [Holm et al., 1989] indicate short-
ening strains of at least 50% normal to schistosity. They
form part of a regionally consistent sequence of struc-
tures ranging from the brittle displacements on deglaci-
ated surfaces through structures exhibiting brittle-duc-
tile transitional to ductile behavior.

3.3.4.3. Intrusive body: The 5-km-wide sequence
of oligoclase and garnet zone schists along the Alpine
fault adjacent to Franz Josef and Fox Glaciers form a
steeply dipping tabular body of lower crustal rocks first
unroofed about 3 Ma, judging by the earliest appearance
of high-grade schist in the Waiho-1 borehole [Suther-
land, 1996]. At the base of the body is a 1-km-thick
sequence of mylonitic rocks and the Alpine fault [Sibson
et al., 1979]. This highly condensed metamorphic se-
quence represents some 15 km of vertical section when
the rocks were metamorphosed [Grapes and Watanabe,
1992]. The rocks within the sequence contain meso-
scopic structures of ductile, brittle-ductile and brittle
nature [Holm et al., 1989]. K-Ar and zircon fission track
ages are all less than 5 Ma, and it has been argued above
that these ages may be overestimates of the time since
the rocks cooled through their blocking temperatures.
The rocks are all strongly foliated, with the foliation
dipping steeply southeast with the bounding faults.

The overall structure of the high-grade metamorphic
rocks (strongly foliated, mylonitic near the basal thrust
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with intense internal deformation developed during em-
placement, young K-Ar and fission track ages, and steep
temperature gradients) points to their rapid emplace-
ment directly from the lower crust. The highly con-
densed section, in the Fox-Franz Josef area at least,
points to possible emplacement by a diapiric-like extru-
sion. If so, then the extruded body would necessarily be
fault bounded, in the base by a thrust and at the top by
a normal or detachment fault. Such a fault is reported
from the valley of the Franz Josef Glacier, on the north-
east face of Mount Roon, where biotite schist abuts
oligoclase and garnet zone schist across a normal fault or
detachment that dips moderately southeast (S. Cox, per-
sonal communication, 1996). Whether this fault is cur-
rently active and contemporary with the emplacement of
the high-grade metamorphic rocks is unknown; it may be
much older. The driving force emplacing such an intru-
sion could be the load of 3 km of topography acting on
hot, weak, and effectively fluid material, which when
exposed along the low elevations adjacent to the Alpine
fault, erodes as fast as it is emplaced.

The speed of emplacement can be deduced from the
observation that slip on the Alpine fault is thought to be
around 30 mm/yr, and the direction of slip from stretch-
ing lineations and transfer faults is about 35° to the fault.
At the Alpine fault, therefore, the strike-slip component
would be 30 mm/yr, and normal component of velocity
would be around 21 mm/yr. The condensed sequence of
the schists suggests that they could be transported even
faster than the plates, being squeezed out in front of the
advancing upper plate like toothpaste.

Similar structural associations characteristic of lower
crustal extrusion within continental convergence zones
are widespread, an example being the central Himalaya,
where ductile, lower crust has been squeezed outward
from the collision zone over the advancing foreland
[Burchfiel and Royden, 1985]. Similar structures are re-
ported elsewhere in the NW Himalaya [Vince and Tre-
loar, 1996]. The characteristic structural association is, as
here, of high-grade metamorphic rocks forming a tabu-
lar body dipping in toward the orogen bounded on the
base by a thrust and on the roof by a “normal” or
detachment fault. The rocks of the extrusion zone are
younger than the enclosing rocks and contain evidence
of recent ductile and brittle-ductile deformation over-
printed by near-surface brittle deformation. In a sense,
this structural association is the equivalent in convergent
zones to metamorphic core complexes in extensional
Zones.

4. DISCUSSION

4.1. Rheological Modeling

General issues of why the South Island plate bound-
ary zone is asymmetric, why major faults occur where
they do, how the upper and lower lithosphere separate in
the collision, and the likely temperature distribution are
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addressed by rheological modeling of the collision.
Koons [1987, 1989, 1990] in particular has demonstrated
the importance of erosional, thermal, and rheological
parameters in addressing these issues. The two-sided
orogen, a development of the model of a critically de-
forming wedge, is one outcome of the study. Beaumont
et al. [1996] provide a number of models by which the
relative role of deformation and model parameters can
be determined. Such geological modeling is a way of
investigating input data consistency and inferring details
of deformation in an orogen from the physics of defor-
mation, some critical kinematic observations, and knowl-
edge or inference of structural parameters. Batt and
Braun [1997] develop a thermomechanical evolution of
compressional orogens in general, and the Southern
Alps in particular, and predict the distribution of appar-
ent ages of isotopic systems. They find good agreement
in the case of the Southern Alps using displacement and
velocity boundary conditions similar to those given here.

Most modeling has looked only at the convergence of
the plate boundary, but Koons and Henderson [1995],
with a sandbox analogue, and Koons [1994], with three-
dimensional theoretical models, have examined the con-
sequences of oblique slip. Such modeling has suggested
some modes of deformation that are clearly observed,
like the “escape tectonics” of the northern segment,
where material is transported away from the collision
zone to be overthrust, and others, such as basal detach-
ment propagating eastward toward the east coast of the
South Island, that are more clusive.

4.2. Kinematic Parameters

The kinematic input in rheological modeling is in
several cases deficient. Too much weight has been
placed on the rate and pattern of uplift. However, these
are poorly known and, indeed, incorrect in many of the
fission track studies, while the total amount and present
rate of compression are well determined. The amount of
shortening is about 100 km across the Southern Alps and
Alpine fault and is certainly quite sufficient that uplift
and erosion must balance the compression. The issue is
not whether they do balance—we just do not know the
rates and amount of uplift or of erosion well enough to
raise this question. A close balance is decided because
within the central segment of the plate boundary there is
no alternative process to accommodate the compression.
The new kinematic and structural information that will
appear over the next few years combined with historical
displacement parameters from plate tectonics are
needed for rheological modeling to be taken further.

4.3. Earthquakes

No large earthquakes are known to have occurred on
the central Alpine fault in the last 170 years, and even on
maps of small events the region is clearly anomalous in
being a relatively quiet region, a gap, on an otherwise
very active plate boundary. Eberhart-Phillips [1995], in a
3-year study of relocated events in the vicinity of the
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Alpine fault recorded on the New Zealand national
seismograph network, identifies nine events per year, in
the magnitude range 2.5-3.6. A broad, diffuse zone of
low-level seismicity extends southeast away from the
fault. Earthquake locations distributed along the full
length of the central segment of the plate boundary,
projected onto a perpendicular profile, show that the
base of the seismogenic zone deepens from 10 km at the
fault to more than 20 km, 70 km to the southeast. This
study does not distinguish between the central part of
the Alpine fault, where there is evidence of high tem-
peratures at shallow depth, and its cooler and presum-
ably more brittle extremities.

The comparative lack of seismicity has raised the
question of the long-term likelihood of large events in
the near future. Is the plate motion being dissipated by
some aseismic process, or is the strain steadily accumu-
lating to eventually release as a great event? Paleoseis-
mic investigations on the southern Alpine fault, near
Lake McKerrow, reveal repeated offsets of geological
features of around 8-12 m that are reasonably presumed
to accompany past earthquakes [Sutherland and Norris,
1995]. A few hundred years separate individual offsets,
and the last event was ~300—-400 years ago. If the whole
450 km of the on-land Alpine fault were to rupture with
offsets of this size, an earthquake of very large magni-
tude indeed would take place. This region, at the north-
ern point of the Fiordland block, is not aseismic on any
map: it is one of the most seismic regions in the country,
so it is not clear that a rupture there will propagate along
the central Alpine fault, where the thermal structure is
likely to be very different. In the south the Alpine fault
separates the Fiordland block from the west coast, and
there has been little differential uplift on either side.
Also, the leading edge of the subducted oceanic litho-
sphere underlies the region and will lead to lower heat
flow on the southern segment of the Alpine fault. Ele-
vated temperatures are not expected to occur to any-
thing like the same degree as in the greatly uplifted,
high-grade schists of the central Alpine fault. There,
with the depth of the ductile-brittle boundary around 6
km, it seems unlikely that the volume of brittle rock
could be sufficient to accumulate the elastic energy nec-
essary to generate a great earthquake. How a mixed
boundary with a thick, cold, and brittle segment that
merges into a thin, hot, and largely ductile segment
would behave is unknown.

Nor does the structure of the Alpine fault described
by Norris and Cooper [1995], with its scalloped, seg-
mented form of short thrusts linked by strike-slip trans-
fer faults (Figure 13, top left inset) suggest periodic
rupture by major through going events that involve in-
dividual displacements of around 10 m every few hun-
dred years. Cooper and Norris [1995] have correctly
pointed out the contrast in form and structure of the
Alpine fault and its associated mylonites between the
areas north and south of Haast River (just to the north
of Jackson Bay (Figure 13)). To the south is clear evi-
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dence of earthquakes and a sharp and distinct trace; to
the north this evidence is lacking (or at least not yet
described), and the overall form of the fault does not
indicate a major, single, through going rupture.

There are some observations that suggest earth-
quakes with large offset do occur in the central Alpine
fault region. J. Adams [1981] identifies an abrupt change
in height at the fault of an aggradation surface devel-
oped on gravels deposited soon after the retreat of the
glaciers at two places north of the Franz Josef region.
The lack of displacement where the fault crosses
younger, smooth terraces implies that the displacement
on the older surface is episodic and perhaps seismic.
Radiocarbon dates from the aggraded gravels appar-
ently cluster in groups at ~500-year intervals and sug-
gest offsets of around 5 m every 500 years or so.

We need to establish with much greater confidence
the actual kinematics and thermal structure of this
boundary before we can determine its likely future seis-
mic behavior.

5. CONCLUSION

The plate boundary through the South Island of New
Zealand is an active, young, and well-exposed compres-
sional orogen. As a plate boundary within continental
lithosphere it is unusually narrow, and in this it differs
from the very broad scale deformation that occurs on
many other plate boundaries ih continental lithosphere.
There are several reasons why this could be so.

1. It is geologically young, with significant compres-
sion commencing only 6 Myr ago.

2. The part of the Australian-Pacific plate boundary
with continental lithosphere on both sides is only about
500 km long. To the north and south of the South Island
the plate boundary involves oceanic lithosphere on at
least one side and is typically narrow and clearly defined
like oceanic plate boundaries elsewhere. The tightly
controlled position of the plate boundary outside the
South Island is expected to inhibit the spread of the
deformation that might otherwise occur.

3. While the crust east of the Alpine fault is about
30 km thick, it is not typically continental in composition.
It consists of a 25-km-thick pile of complexly deformed
late Paleozoic and Mesozoic sedimentary rock that has
accumulated on Mesozoic ocean floor. It became pro-
gressively attached to the margin of Gondwana through
subduction of the oceanic lithosphere throughout the
Mesozoic that ceased in the mid-Cretaceous. The floor
to the sediments and their regionally metamorphosed
equivalent is therefore probably Cretaceous oceanic
crust that is being subducted today under the Southern
Alps.

Recent intensive kinematic and seismic studies will
add much to our knowledge of this plate boundary. We
can expect to determine the active processes of defor-
mation, including seismicity, to a much greater depth of
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understanding than we have at present. This is no aca-
demic pursuit; the seismic behavior of the Alpine fault is
a matter of concern that affects not only Earth scientists
but also substantial communities throughout the South
Island of New Zealand. It is the compression resulting
from the change in relative motion of the Pacific and
Australian plate that elevated most of the land of today
above sea level, and it is the continuing motion since
then that has molded its shape and created its moun-
tains. Physical New Zealand is the product of forces
developed well beyond its shores, and in understanding
the processes of its development, we add to our under-
standing of the Earth itself.
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