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[1] Deformation across the active Hikurangi sub-
duction margin, New Zealand, including shortening,
extension, vertical-axis rotations, and strike-slip
faulting in the upper plate, has been estimated for
the last �24 Myr using margin-normal seismic
reflection lines and cross sections, strike-slip fault
displacements, paleomagnetic declinations, bending
of Mesozoic terranes, and seafloor spreading infor-
mation. Post-Oligocene shortening in the upper plate
increased southward, reaching a maximum rate of 3–
8 mm/year in the southern North Island. Upper plate
shortening is a small proportion of the rate of plate
convergence, most of which (>80%) accrued on the
subduction thrust. The uniformity of these shortening
rates is consistent with the near-constant rate of
displacement transfer (averaged over �5 Myr) from
the subduction thrust into the upper plate. In contrast,
the rates of clockwise vertical-axis rotations of the
eastern Hikurangi Margin were temporally variable,
with �3�/Myr since 10 Ma and �0�–1�/Myr
prior to 10 Ma. Post 10 Ma, the rates of rotation
decreased westward from the subduction thrust, which
resulted in the bending of the North Island about an
axis at the southern termination of subduction. With
rotation of the margin and southward migration of
the Pacific Plate Euler poles, the component of the
margin-parallel relative plate motion increased to the
present. Plate convergence dominated the Hikurangi
Margin before ca. 15 Ma, with the rate of margin-
parallel motion increasing markedly since 10 Ma.
Vertical-axis rotations could accommodate all margin-
parallel motion before 1–2 Ma, eliminating the
requirement for large strike-slip displacements (for
example, >50 km) in the upper plate since the
Oligocene. Citation: Nicol, A., C. Mazengarb, F. Chanier,

G. Rait, C. Uruski, and L. Wallace (2007), Tectonic evolution of

the active Hikurangi subduction margin, New Zealand, since the

Oligocene, Tectonics, 26, TC4002, doi:10.1029/2006TC002090.

1. Introduction

[2] Deformation in the Earth’s crust is focused in plate
boundary zones and directly reflects the relative motion of
tectonic plates in juxtaposition. At many of the world’s
plate boundaries the first-order plate velocities and their
temporal evolution are constrained by seafloor spreading
data [e.g., Stock and Molnar, 1982; DeMets et al., 1994;
Sutherland, 1995; Cande and Stock, 2004] and, increas-
ingly, by plate-wide geodetic measurements [e.g., Beavan
et al., 2002]. In cases where the geometry and kinematics
of a boundary change abruptly, however, details of how
strains accumulate across the boundary zone and evolve
through time are often best determined by the analysis of
the deformation in the zone. Resolving what controls these
changes and the mechanisms by which they are achieved
is important for improving our understanding of plate
boundary processes. In this paper we consider these
questions by charting the development of the active
Hikurangi subduction margin, New Zealand, over the last
24 Myr.
[3] The Hikurangi Margin presently accommodates the

oblique subduction of the Pacific Plate beneath the Australian
Plate in the North Island of New Zealand (Figure 1). The
margin occupies the transition from the subduction of the
Pacific plate along the Tonga-Kermadec Trench (and
associated back-arc extension in the Lau-Havre Trough)
to the continental collision and strike-slip along the Alpine
Fault (Figure 1). Subduction is inferred to have commenced
about 24–30 Ma [Ballance, 1976; Rait et al., 1991; Kamp,
1999; Stern et al., 2006] and currently accommodates a
relative plate-motion vector of 42–48 mm/year trending at
ca. 50� to the trend of the margin (Figure 1). Plate conver-
gence (i.e., margin-normal motion) is principally accommo-
dated on the subduction thrust, while the remainder of the
margin-normal motion and most of the margin-parallel
motion (>50%) are accommodated in the upper plate
through a combination of reverse faulting, strike-slip fault-
ing, and vertical-axis clockwise rotations [Wright and
Walcott, 1986; Lamb, 1988; Walcott, 1989; Cashman et
al., 1992; Beanland, 1995; Kelsey et al., 1995, 1998;
Barnes and Mercier de Lépinay, 1997; Barnes et al.,
1998; Beanland and Haines, 1998; Beanland et al., 1998;
Little et al., 1998; Nicol et al., 2002; Nicol and Beavan,

TECTONICS, VOL. 26, TC4002, doi:10.1029/2006TC002090, 2007

1GNS Science, Lower Hutt, New Zealand.
2Mineral Resources Tasmania, Rosny Park, Australia.
3UMR CNRS - 8110, Processus et Bilans des Domaines Sédimentaires,
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2003; Wallace et al., 2004; Rowan et al., 2005; Nicol and
Wallace, 2007; R. I. Walcott and T. C. Mumme, Paleomag-
netic study of the tertiary sedimentary rocks from the East
Coast of the North Island, New Zealand, unpublished
report, 1982, hereinafter referred to as Walcott and Mumme,
1982] (Figure 1). Therefore upper plate deformation pro-

vides important constraints on the timing and kinematics of
Hikurangi Margin subduction.
[4] Previous studies have focused only on part of the

Hikurangi Margin or on one component of the deformation
field, while tectonic reconstructions of the plate boundary
zone are typically constrained by the spatial distribution of

Figure 1
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Mesozoic basement terranes and Cenozoic sedimentary
facies, paleomagnetic rotations, and/or seafloor spreading
data [e.g., Ballance, 1976;Walcott, 1978, 1984a, 1987; Cole,
1986; Kamp, 1987, 1999; Lamb, 1988; Lewis and Pettinga,
1993; Beanland, 1995; Field et al., 1997; King, 2000]. The
resulting tectonic reconstructions of the Hikurangi Margin
can vary significantly and incorporate a wide range of fault
strike-slip, margin-normal shortening/extension, and rota-
tions about vertical axes. In this paper we attempt to reduce
some of the uncertainty inherent in our understanding of
margin deformation by collating and analyzing mainly
Miocene and younger strain data. To place first-order
constraints on the evolution of the margin since its inferred
inception, we use strain profiles normal to the margin,
together with strike-slip on individual faults and rotations
about vertical axes measured using paleomagnetic declina-
tions. Our estimates of the magnitudes, styles, and spatial
distribution of deformation are reconciled with GPS and
seafloor spreading estimates of the relative plate motion
vector.
[5] Determining the spatial and temporal accumulation of

strain in the overriding Australian Plate at the Hikurangi
Margin is possible because Miocene and younger horizons
(i.e., strain markers) can be mapped across most of the width
of the plate boundary zone using outcrop, seismic reflection
lines, and gravity profiles. These horizons are mainly part of a
late Cretaceous-Quaternary marine sequence that reaches
thicknesses of up to 8 km and rests with angular unconfor-
mity on Mesozoic basement rocks [see King and Thrasher,
1996; Field et al., 1997, and references therein] (Figure 2).
Late Cretaceous and younger strata are commonly laterally
discontinuous on a scale of tens of kilometers due to
differential uplift and subsidence, fluctuations in sea level,
and lateral changes in the environment of deposition. Bio-
stratigraphy of the Cenozoic sequence is, however, well
established and allows temporal marker horizons to be traced
over distances of hundreds of kilometers [e.g., see King and
Thrasher, 1996; Field et al., 1997].
[6] Our analysis suggests that vertical-axis rotations,

strike-slip faulting, and shortening in the overriding
Australian Plate since the Oligocene may have been lower
than previously thought. The principal reasons for this are
that (1) new data and analysis indicate that rotations of

the margin are low (45�–50� as opposed to 60�–90�),
(2) a significant component (>50%) of the margin-parallel
plate motion was accommodated by rotations (decreasing
the strike-slip faulting required) and, (3) most (>80%) of
the plate convergence across the plate boundary accrued
on the subduction thrust, and therefore is not manifested
as a deformation in the upper plate [Nicol and Beavan,
2003; Wallace et al., 2004; Nicol and Wallace, 2007; this
study].

2. Shortening and Extension

[7] Geological cross sections (Figure 2), seismic reflec-
tion lines, gravity profiles, and fault-displacement rates
have been used to measure margin-normal extension and
shortening for the top 2–6 km of the crust in the overriding
Australian Plate. The data used to construct the 54 cross
sections used in this paper are presented on a GNS
website (http://www.gns.cri.nz/research/basindynamics/
strainprofiledata.html). These cross sections are typically
oriented approximately normal to the trend of, and distributed
across, the margin (Figures 3 and 4). Each profile contains
one or more horizons of Miocene or younger age (�24 Ma)
from which components of dip-slip normal or reverse fault
displacements and folding were estimated (for example,
Figure 2). In order to measure the extension and shortening
from profiles we have assumed that predeformation bed dips
were horizontal, that the measured fault dips can be projected
below the available data, and that unresolved small faults do
not account for a significant component of the total strain
budget (i.e.,�10%). Because much of the strike-slip faulting
within the Hikurangi Margin is confined to the North Island
Fault System (as defined by Mouslopoulou et al., 2007; this
fault system is also referred to as the North Island Dextral
Fault Belt or the North Island Shear Belt, see Beanland,
1995), we infer that folding resulting from distributed strike-
slip (rather than contraction) was not significant [cf. Tikoff
and Peterson, 1998]. We can neither, however, discount the
possibility that some folding formed due to the strike-slip in
the North Island Fault System nor that local strike-slip has
resulted in errors in horizon correlation across this system.
Uncertainties in the strain estimates, which typically range
from 20–50%, arise mainly because of measurement errors

Figure 1. Present tectonics of the New Zealand Plate boundary. The Hikurangi Margin (enclosed by the box) forms the
transition from continental collision along the Alpine Fault to subduction with back-arc extension along the Tonga-
Kermadec Margin. Location of the main map is shown in inset map. Regional geological map shows the locations and types
of structures that deform Miocene and younger rocks across the Hikurangi Margin. Data from New Zealand Geological
Survey [1972], Anderton [1981], Melhuish [1990], Cashman et al. [1992], Kelsey et al. [1993, 1995], Lewis and Pettinga
[1993], Davey et al. [1995], Thrasher et al. [1995], Begg and Mazengarb [1996], King and Thrasher [1996], Barnes and
Mercier de Lépinay [1997], Field et al. [1997], Uruski [1998], Begg and Johnston [2002], Lamarche et al. [2000],
Mazengarb and Speden [2000], Edbrooke [2001], Barnes et al. [2002], Lee and Begg [2002], and Edbrooke (2003, personal
communication, QMAP Waikato unpublished data). Shading in the North Island shows the extent of Mesozoic basement
(dark grey), post-Cretaceous to Miocene (light grey) and post-Miocene (white) rocks. Locations of the cross sections in
Figure 3 are shown. Regional cross section X-X0 modified from the work of Nicol and Beavan [2003]. Relative plate motion
vectors from Beavan et al. [2002], with margin-normal (34 mm/year) and margin-parallel (26 mm/year) components shown
for central margin. Abbreviations main map: KMFZ, Kapiti-Manawatu Fault Zone; MF, Mohaka Fault; RF, Ruahine Fault;
TR, Taupo Rift; WAF, Wairarapa Fault; WF, Wellington Fault; WHF, Whakatane Fault. Abbreviations inset map: AF,
Alpine Fault; MFS, Marlborough Fault System; NIFS, North Island Fault System; TVZ, Taupo Volcanic Zone.
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introduced by uncertainties in fault dips (for example, ±10�–
20�) and bed dips beneath reverse faults. We have principally
used line-length measurements to estimate extension and
contraction in each section. Given the limited number of
well-constrained horizons in some sections and the prospect
of a component of strike-slip on some faults, in most cases,
more sophisticated area-balancing techniques were unwar-
ranted. Horizon ages are mainly from the micropaleontolog-
ical definition of New Zealand stages where strata crop out or
are intersected in wells. Ages for New Zealand stage bound-
aries are given by Cooper [2004]. Further information on the
sources of the profile data (for example, Figure 2), horizon
dating, and details of the methodology are given in the
supplementary electronic data set lodged on the GNS Science
Web site http://www.gns.cri.nz/research/basindynamics/
strainprofiledata.html.
[8] Extension and shortening that accumulated during the

time intervals �0–5 and �5–24 Ma are presented on
Figures 3 and 4, respectively. The spatial distribution and
quantity of data is greatest for the last ca. 5 Myr (Figure 3).
Due principally to erosion and intense deformation, Mio-
cene marker horizons are mainly limited to the regions east
of the Axial Ranges and west of the Taranaki Fault or Taupo
Rift (Figures 1 and 4).

2.1. Pliocene-Pleistocene Deformation

[9] Within the plate boundary zone, both margin-normal
extension and contraction have occurred since the Miocene
(Figures 1, 2, 3, and 5). A northeast-southwest trending
boundary divides the North Island in two and separates
areas dominated by extension (northwest) and shortening
(southeast) (Figure 5). The rates of extension and short-
ening increase with increasing distance from this boundary
[Beanland and Haines, 1998; Nicol and Wallace, 2007;
this study].
[10] Extensional faulting dominates in the Taupo Volcanic

Zone, which continues north of New Zealand as the back-
arc Lau-Havre Trough (Figure 1), and in the Taranaki
Graben. Rifting in these areas is accompanied by andesitic
and/or rhyolitic volcanism [Cole et al., 1995; King and
Thrasher, 1996] (Figure 3). The locus of volcanism and
extension has migrated eastward since the middle Miocene,
which could be due to the eastward rollback of the Pacific
Plate [Ballance, 1976; Walcott, 1987]. The active Taupo
Rift, which is within the Taupo Volcanic Zone, accommo-
dates a maximum of 5–15 mm/year extension [Villamor
and Berryman, 2001; Wallace et al., 2004].
[11] South of the southern termination of the Taupo Rift,

contraction mainly occurs within the axial ranges, in a zone
�20–50 km wide and immediately east of these ranges, and
within 50 km of the subduction thrust at the seabed
(Figures 1, 2, 3, 4, 5, and 6) [see also Barnes and Mercier
de Lépinay, 1997; Nicol and Beavan, 2003]. High shortening

within, and immediately east of, the axial ranges is sup-
ported by the strike-parallel horizon separation diagram in
Figure 6 (see caption for description of the derivation of
diagram). On the range crest, basement rocks are locally
overlain by 2.4-Ma strata (Figure 6) from which we infer
that the range crest is about 2.4 Ma in age. The 2.4-Ma
horizon is downthrown to the east with up to 3 km of
vertical separation on a reverse fault(s) and fold(s), while
the vertical separation between range crest and the 3.7-Ma
horizon is �4.7 km. Figure 6 indicates that the uplift of the
axial ranges both predate and postdate 2.4 Ma and is
consistent with the notion that uplift since 5 Ma accrued
in two main time intervals, after ca. 1.5 and 2.5–3.7 Ma
[Melhuish, 1990; Beanland et al., 1998; Nicol et al., 2002].
At approximately the southern end of the Taupo Volcanic
Zone, high vertical separations step 100 km east of the axial
ranges onto the Lachlan Fault (Figure 7), which accommo-
dated ca. 3 km of vertical separation after 5 Ma (see cross
section b-b0, Barnes et al., 2002, Figure 16). This eastward
shift in the loci of high shortening strains could be due in
part to a change in the geometry of the downgoing plate (for
example, an eastward shift in a kink in the plate which
focuses upper plate deformation; cf. Henrys et al. [2006]), a
change in the dimensions of the plate interface that has
experienced stable sliding in the last 5 Myr and/or the
presence of preexisting zones of weakness in the upper
plate.
[12] High contractional strain occurs up to 50 km west of

the subduction thrust at the seabed [Davey et al., 1986a,
1986b; Lewis and Pettinga, 1993; Barnes and Mercier de
Lépinay, 1997]. This zone of intense deformation is up to
4 km above the subduction thrust and contains a series of
imbricate thrusts which locally splay from the plate
interface (Figure 8). These thrusts can be regarded as
being part of a subduction thrust zone, which may widen
in relatively unconsolidated sedimentary rocks close to the
seabed [Nicol and Beavan, 2003]. This interpretation is
consistent with the high cumulative shortening (for exam-
ple, 5–15 mm/year) across the zone [Barnes and Mercier
de Lépinay, 1997, Figure 8], which is viewed here as
being interplate and has not been included in the estimates
of cumulative strain on profiles A–E (Figure 5, excluded
subduction thrust zone marked). The downdip extension of
this interplate deforming zone may be indicated by a weak
low velocity layer of 3–4 km thickness [Bannister, 1988].
[13] Cumulative margin-normal strains in the upper plate

and across the entire Hikurangi Margin after 5 Ma become
increasingly extensional with distance northward from the
southern termination of subduction (Figure 5). As much as
20-km shortening occurs in the south along profile D
(Figure 5), while up to 42-km extension is interpreted on
profile A across Raukumara Peninsula (Figure 5). These
changes in the type and magnitude of deformation are consis-

Figure 3. Map showing the distribution of Pliocene and younger margin-normal shortening and extension. Strain profiles
indicate margin-normal shortening (inward directed arrows and negative values) and extension (outward directed arrows
and positive values). Shading in the North Island shows the extent of Mesozoic basement (dark grey), post-Cretaceous to
Miocene (light grey) and post-Miocene (white) rocks. For description of data used to estimate strains in profiles, refer to
website http://www.gns.cri.nz/research/basindynamics/strainprofiledata.html.
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tent with a northward thinning of the crust from 35 km (south
of the Taupo Rift) to 20 km at Raukumara Peninsula [e.g.,
Reyners et al., 1999, 2006]. On profile D average shortening
rates since 5 Ma in the overriding plate are 3–4 mm/year
(Figure 5). The total shortening and shortening rates in the

upper plate are considerably less than the total plate conver-
gence and the convergence rates for the margin at the latitude
of profile D (ca. 170 km for 34 mm/year over 5 Myr), from
which it can be argued that only a small proportion of plate
convergence (�10%) was transmitted into the upper plate.

Figure 4. Strain map for Miocene structures. Strain profiles indicate margin-normal shortening (inward directed arrows
and negative values) and extension (outward directed arrows and positive values). Shading in the North Island shows the
extent of Mesozoic basement (dark grey), post-Cretaceous to Miocene (light grey) and post-Miocene (white) rocks. For
description of data used to estimate strains in profiles, refer to website http://www.gns.cri.nz/research/basindynamics/
strainprofiledata.html.

Figure 5. Map of the locations and strain estimates during the last �5 Ma for five plate boundary
profiles across the Hikurangi Margin. Strain profiles from Figure 3 were used to derive strain estimates
along each transect. To aid the determination of strains along each transect the map is divided into five
subareas. Total strain is indicated on the right-hand end of each profile. Regions of the plate boundary
dominated by extension and shortening are differentiated.
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The remainder of relative plate motion has been accommo-
dated by displacement on the subduction thrust [Nicol and
Beavan, 2003]. The proportion of plate convergence accom-
modated on the subduction thrust is highest in the northern
margin (for example, profile A), where contemporary GPS
and seismicity indicate that, beneath the North Island, the
plate interface is experiencing stable sliding [Reyners, 1998;
Wallace et al., 2004]. Extension and associated contempo-
rary clockwise rotation of the upper plate on Raukumara
Peninsula results in a slip on the subduction thrust that
exceeds the rate of plate convergence by 10–20 mm/year
[Wallace et al., 2004].

2.2. Miocene Deformation

[14] The best exposures of Miocene structures in the
North Island occur along its east coast. These structures

are dominated by superposed thrust sheets subparallel to
bedding [e.g., Chanier and Ferriere, 1989, 1991] (profiles
38 and 39, Figure 4) and imbricate thrusts systems [e.g.,
Pettinga, 1982; Barnes et al., 2002] (profiles 42–44, 46–48,
Figure 4). Thrusts accommodate NW-SE contraction and
are, in many cases, early Miocene (ca. 18–24 Ma) in age,
having commenced movement during the onset of rapid
subduction [Chanier and Ferriere, 1989, 1991; Chanier,
1991; Rait et al., 1991; Lee and Begg, 2002; Field et al.,
1997; Mazengarb and Speden, 2000; Barnes et al., 2002]
(see also Figure 2a, particularly beneath the Gisborne-2
well). Early Miocene thrusting is present along the entire
length of the Hikurangi Margin, suggesting that subduction
had reached its present southern limit no later than 18 Ma
[Walcott, 1984a; Rait et al., 1991].
[15] Shortening of the upper plate accrued in response to

plate convergence throughout the Miocene, although it
appears that the rates of deformation varied temporally
and spatially. In addition to the margin-wide early Miocene
deformational event, periods of accelerated upper plate
deformation may also have occurred in the middle (ca. 11–
14 Ma) and late (ca. 5–7 Ma) Miocene [Field et al., 1997;
Chanier et al., 1999; Kamp, 1999; Nicol et al., 2002].
Accelerated deformation in the middle and late Miocene
may indicate increases in the efficiency with which displace-
ment was transferred from the subduction thrust into the
upper plate rather than changes in the relative plate motion
vector [Nicol et al., 2002].
[16] Restored cross sections indicate an eastward tempo-

ral migration of deformation in the upper plate east of the
North Island (Figure 8). In the early Miocene the locus of
deformation on Figure 8 was concentrated in the western
80 km of the cross section, while structures in the easternmost
part of the section are inferred to be post-Miocene (for
example, compare �16- and �1.5-Ma restorations). This
migration appears to have been associated with a ca. 40 km
eastward shift in the surface trace of the subduction thrust
during the late Miocene (Figure 8). Barnes and Mercier de
Lépinay [1997] documented an eastward shift in the subduc-
tion thrust of similar magnitude within the last million years
130 km south of Figure 8 (see Figure 7 for location). Episodic
and eastward propagation of the subduction thrust by 20–
40 km into 2- to 3-km-thick sediments on the incoming
plate appears to be an important mode of material transfer
into the accretionary wedge. The resultant low taper angle
on the wedge supports the view that the basal friction on
the subduction thrust is low [cf. Gutscher et al., 1998].
[17] In the Raukumara Peninsula, folded and faulted

strata recorded early Miocene NE-SW shortening associated
with obduction of the east coast allochthon from the sub-
ducting Pacific Plate [Rait, 2000]. The difference in the
direction of contraction between Raukumara Peninsula and
regions to the south (i.e., in the areas of profiles 38–51)
arises in part because of a clockwise rotation of the
Hikurangi Margin from northern Hawkes Bay southward
(see section 4 for further discussion). Thrusting is accom-
panied by minor middle Miocene and younger extension of
Raukumara Peninsula and of the region east of the axial
ranges [e.g., Cashman and Kelsey, 1990; Field et al., 1997;

Figure 6. Horizon separation diagram showing tectonic
vertical separations along the North Island Fault System in
the central North Island. West of the faults in their uplifted
hanging walls, the altitude of the range crest is plotted against
distance northeast (�030�) of the Manawatu Gorge (see
Figure 7 for location). The range crest comprises basement
and scattered outcrops of 2.4-Ma strata, which rest directly on
basement, and is assumed to provide a proxy for the 2.4-Ma
horizon. The altitude of 1.6-, 2.4- and 3.7-Ma strata measured
in the footwall of the North Island Fault System from 15–
20 km east of the range crest are also shown. Range Crest
topography is from spot heights on New Zealand
1:250,000, 262 Topomap series and the location of the
Pliocene erosion surface from Melhuish [1990]. Altitudes of
2.4-Ma strata on the range crest are from mapping
[Melhuish, 1990; Lee and Begg, 2002]. Altitudes of strata
east of the faults are from seismic reflection data [Melhuish,
1990; Beanland et al., 1998] and geological cross sections
constructed normal to the faults using geological maps
[Erdman and Kelsey, 1992; Nicol and Beavan, 2003]. Inset
A, schematic horizon separation diagram for an ideal dip-slip
fault [e.g., Barnett et al., 1987]. Inset B, separation diagram
from A transformed by post dip-slip right-lateral strike-slip.
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Mazengarb and Speden, 2000; Barnes et al., 2002; Barnes
and Nicol, 2004]. These normal faults may have formed
because of tectonic erosion, oversteepening and gravita-
tional collapse of the accretionary wedge [Chanier et al.,
1999], and in response to sediment underplating beneath, and
associated uplift of, the Raukumara Peninsula [Walcott,
1987; Reyners and McGinty, 1999; Upton et al., 2003].
[18] Miocene normal and reverse faults are present

on the western side of the plate boundary zone. Within
the Taranaki Basin, mid-late Miocene extension is small
(<1.5 km, profiles 53 and 54) and gives way to contraction
of the same age south of profile 57 (Figure 4). The reverse
Taranaki Fault and its southern continuation, the Waimea-
Flaxmore Fault System (see Figure 4 for location), dominate
Miocene deformation on the western side of the plate
boundary zone. Like many faults in the North Island these
structures are parallel to the trend of Mesozoic basement
terranes (compare Figures 1 and 7). This parallelism sug-
gests that many post-Oligocene Faults (including the Tar-
anaki Fault) occupy preexisting planes of weakness within
basement (for example, terrane boundaries, stratigraphic
contacts, and faults). The Taranaki Fault is a crustal scale
thrust antithetic to the subduction thrust. The fault dips
eastward at 25�–45� and forms the eastern boundary of the
Taranaki Basin (Figure 7), which contains a sedimentary
succession up to about 8 km thick [Thrasher et al., 1995;
King and Thrasher, 1996; Nicol et al., 2004] (Figure 2b).
The Taranaki Fault appears to have been active from the
middle Eocene onward (i.e., 40–45 Ma), with accelerated
rates of movement during the early to middle Miocene
[King and Thrasher, 1996; Nicol et al., 2004]. Total
Miocene throw on this structure of �4 km is, for all but
the northern most profile (profile 55, see Figure 4), a
minimum because early Miocene and older strata were
either not deposited on or, more likely, eroded from its
hanging wall. In the northern South Island, Murihiku, Brook
Street, and Dun Mountain Ophiolite (marked by the Junc-
tion Magnetic Anomaly) basement terranes are contained
within the 10- to 15-km-wide Waimea-Flaxmore Fault Zone
and overthrust western province batholiths [Rattenbury et al.,
1998]. The minimum throw of the Waimea-Flaxmore Fault
since the Oligocene is 3–4 km [Rattenbury et al., 1998], with
shortening in a NW-SE direction [Pettinga and Wise, 1994].
[19] Total shortening of 75 ± 35 km across the Taranaki

and Wanganui basins (including the Taranaki Fault System)

is estimated from a deep crustal seismic line for crustal
thickening from ca. 25 to 40 km [e.g., Holt and Stern, 1994]
(profile 63, Figure 4, see Web site http://www.gns.cri.nz/
research/basindynamics/strainprofiledata.html for shorten-
ing estimate derivation). Although our estimate of shorten-
ing is comparable to the 70 ± 30 km of Stern et al. [2006], it
cannot be confirmed by the analysis of deformation of
Miocene and older strata, which have been entirely removed
from the hanging wall of the Taranaki Fault System at the
location of the deep crustal seismic line. A Miocene age for
this shortening is inferred from the Miocene or older timing
of shortening across the Taranaki Fault at the latitude of
profile 63 [Nicol et al., 2004] and from the post-Oligocene
age of thrusting and associated WNW-ESE shortening in the
northern South Island (>7 ± 4.5 km, profile 69, Figure 4)
[Nicol and Campbell, 1990]. Miocene shortening in the
Taranaki and Wanganui basins is consistent with the timing
and amount of shortening per kilometer of line length
(�1-km shortening per 4-km predeformation line length)
east of the axial ranges. Aggregating 75 ± 35-km shortening
across the Taranaki and Wanganui basins and 40 ± 10 km
from east of the axial ranges (for example, sum profiles 41,
43, 44, and 45 or sum profiles 41 and 49) produces 115 ±
45-km Miocene shortening normal to the margin and across
the entire plate boundary zone at a latitude of 39�–41�S.
The total Miocene convergence between the Australian and
Pacific plates at this location was ca. 670 km (i.e., an
average of 35 km/Myr [Cande and Stock, 2004] for the
19-Myr duration of the Miocene), with 10–25% of the total
convergence inferred to have been accommodated by short-
ening observed in the upper plate (i.e., 115 ± 45 km) at
average rates for the Miocene of about 4–8 mm/year. As
shortening near to the subduction thrust may be interplate
(as has been suggested for the last 5 Myr), this estimate of
the average Miocene shortening rate is inferred to be a
maximum for the upper plate.

3. Strike-Slip Faulting

[20] Ever since Wellman demonstrated 480 km of strike
separation along the Alpine Fault over 50 years ago [Benson,
1952], workers have been proposing, and presenting evi-
dence for, strike-slip faults with large right-lateral displace-
ments in the North Island [e.g., Kingma, 1958; Ballance,
1976; Cole, 1986; Lamb, 1988; Cashman et al., 1992; Beu,

Figure 7. Map of generalized geology of basement rocks in the Hikurangi Margin (modified after the work of Mortimer
[1995]). Strike-slip (asymmetric arrows) and reverse (teeth) faults from Figure 1. Equal-area lower hemisphere projections
of fault planes and slip vectors for the North Island Fault System (stereonet, A) and the onshore region east of the axial
ranges (stereonet, B). Slip data from offset geomorphological markers (for example, abandoned streams, ridges, and terrace
margins) and slickenside striations on fault surfaces [Raub, 1985; Grapes and Wellman, 1988; Berryman, 1990; Berryman
and Beanland, 1991; Erdman and Kelsey, 1992; Van Dissen et al., 1992; Beanland, 1995; Kelsey et al., 1995, 1998; Van
Dissen and Berryman, 1996; this study]. Cumulative slip rates across the North Island Fault System (including the eastern
strand) from Beanland [1995], Schermer et al. [2004], and Mouslopoulou et al. [2007], with the southernmost value
excluding 4 mm/year inferred for the Wairau Fault offshore west of the North Island. Locations of Figure 9 indicated.
Abbreviations: JMA, Junction Magnetic Anomaly; DMO, Dun Mountain Ophiolite; EHM, Esk Head Mélange; T, terrane;
TVZ, Taupo Volcanic Zone; CVR, Central Volcanic Zone; ES, eastern strand of North Island Fault System; ATF, Adams-
Timui Fault; AF, Akito Fault; CF, Carterton Fault; MF, Masterton Fault; MF, Mohaka Fault; RF, Ruahine Fault; WaF,
Wairarapa Fault; WF, Wellington Fault; WhF, Whakatane Fault.
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1995; Mortimer, 1995; Delteil et al., 1996]. The most
extreme strike-slip models proposed require in excess of
300-km right-lateral displacement on faults within the Hikur-
angi Margin since the start of the Miocene (see review of
King, 2000, Figure 3). As the strike of faults is typically
subparallel to the trend of Mesozoic terrane boundaries, few
piercing points in bedrock provide unequivocal measures of
strike-slip and models for large (for example, >50 km) strike-
slip remain controversial.
[21] The most compelling evidence for strike-slip is on the

principal faults of the active North Island Fault System
(Figure 7). These faults, which include the Wellington,
Wairarapa, Mohaka, Ruahine, and Whakatane faults (see
Figure 7), are steeply dipping (mean 77�W, Figure 7, stereo-
net A) and displace Late Quaternary (<50 ka) landforms (for
example, terrace risers, ridges and abandoned stream chan-
nels) by tens of meters [Beanland and Berryman, 1987;
Raub et al., 1987; Berryman and Beanland, 1988; Grapes,
1991; Erdman and Kelsey, 1992; Beanland, 1995; Van
Dissen and Berryman, 1996; Langridge et al., 2005]. Slip
vectors principally measured from displaced landforms
indicate that these faults also carry small components of
normal or reverse displacement (Figure 7). Displaced land-
forms and slickenside striations on faults onshore and east of

the axial ranges indicate mainly reverse dip-slip with sub-
ordinate right-lateral strike-slip, which is mainly confined to
the eastern strand of the North Island Fault System (see
ES and stereonet B on Figure 7). Late Quaternary slip
rates in the North Island Fault System increase southward
from 4 mm/year at the north coast to 18 mm/year in the
south near Wellington (Figure 7) [e.g., Beanland, 1995;
Mouslopoulou et al., 2007].
[22] Geological mapping of the southern North Island

[Lee and Begg, 2002] together with seismic reflection
profiles and swath bathymetry from offshore of this region
[Collot et al., 1996; Barnes and Mercier de Lépinay, 1997;
Barnes and Audru, 1999] and modeling of GPS velocities
[Wallace et al., 2004] also indicate some strike-slip faulting
outside the North Island Fault System (for example,
Masterton and Carterton faults, see Figure 7). The south-
ward increase of strike-slip in the southern �100 km of the
North Island is due, in part, to an �2–3 mm/year southward
increase in the magnitude of the margin-parallel component
of relative plate motion (Figure 7).
[23] Faults in the North Island Fault System do not

appear to have accrued substantial total strike-slip (for
example, >20 km). To the south, the Wellington Fault
produces an apparent right-lateral separation of about 5 km
on the western boundary of the Esk HeadMélange [Begg and
Mazengarb, 1996], a basement terrane of Mesozoic age
(Figure 9). The Mesozoic tectonic fabric within the mélange
is steep (>60�), and its along-fault separation gives a first-
order estimate of strike-slip. In addition to fault displacement,
up to 3 km of distributed off-fault right-lateral displacement
may have accrued north of the fault, producing a total strike-
slip of ca. 5–8 km (Figure 9). This strike-slip is comparable
to the 7 ± 1-km right-lateral displacement, inferred from the
deflection of the main rivers that cross the Wellington Fault
�5–50 km north of Figure 9 [Berryman et al., 2002].
[24] Total strike-slip on the Wellington Fault is consistent

with the inferred lateral displacement on the Mohaka and
Ruahine faults. The horizon separation diagram in Figure 6
is indistinguishable from those observed on dip-slip faults
[e.g., Chapman et al., 1978; Barnett et al., 1987] (Figure 6,
inset A). As the strike-slip is inferred to postdate dip-slip on
these faults [Kelsey et al., 1995], >20-km right-lateral
strike-slip would be expected to displace the point of
maximum range altitude NNE of the greatest basin depth
(for example, Figure 6 inset B). Figure 6 shows no such
displacement, and we infer that strike-slip on the Mohaka
and Ruahine faults in the last 2.4–3.7 Myr could have been
no greater than the lateral resolution of the horizon loca-
tions, i.e., about 20 km. These values of strike-slip are

Figure 8. Cross sections derived from seismic line CM05-01, Hawkes Bay, structurally balanced using 2DMove software
to backstrip fault displacements, unfold strata, and decompact sediments. Structural restorations of the interpreted (a) cross
section are presented for (b) top Pliocene, (c) top Miocene, (d) top middle Miocene, (e) top early Miocene, and (f ) top
Paleogene horizons. Selected horizons were traced across much, or all, of the section and record deformation at
approximately equal time increments over the last 24 Myr. Stratigraphy in the section from Hawke Bay-1 well (location
shown) and seabed outcrop [Barnes et al., 2002]. The restorations are regarded as first order and have been vertically
exaggerated approximately three times to provide improved definition of the structure and stratigraphy. Refer to the work of
Nicol and Uruski [2005] for further details of the restoration. See Figure 7 for location.

Figure 9. Map of the Wellington Fault at Te Marua
showing a total of up to 8-km strike separation and possible
distributed shear along the fault (data from Begg and
Mazengarb [1996]). See Figure 7 for location.
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consistent with a seismic reflection line (see Figure 7 for
location), which crosses the Mohaka Fault and shows an
apparent vertical displacement of an �2.4-Ma limestone
of ca. 20–30 m [Beanland et al., 1998]. Given the 10:1
horizontal to vertical ratio of Late Quaternary slip
[Beanland, 1995], the apparent throw could have been

produced by as little as 200–300 m of strike-slip since
the late Pliocene. Collectively, the available data lead us
to concur with Beanland [1995] in suggesting that the
total strike-slip in the North Island Fault System is small
(for example, <20 km).

Table 1. Paleomagnetic Rotation Data, North Island, New Zealand

Sample Number Originators Sample Name

Locationa Sample Ageb

Rotationc (�) ReferencedEasting Northing NZ Stage Ma

1 BENNEY DALE 2718057 6295843 Ld 26.2 ± 1.1 54.5 ± 10 1
2 BEXLEY STN 2 2660712 6282832 l Lwh 32.6 ± 1.8 58 ± 17 1
3 PONGANUI RD 2672230 6421799 l Lwh 32.6 ± 1.8 28.8 ± 7 1
4 HB1 2911712 6267389 l Tt 9.9 ± 1.1 27.8 ± 12 2
5 HK1 2966800 6387900 Lw-Po 21.9 ± 2.9 �6.2 ± 7 3
6 RAURIMU 2716640 6229577 Lw-Po 21.9 ± 2.9 12.3 ± 7 1
7 TAUMARUNUI 2699726 6249170 Lw-Po 21.9 ± 2.9 29.6 ± 18 1
8 PT4 2920718 6270272 Lwh-Lw 28 ± 6.3 199 ± 21 2
9 TA3 2978600 6368500 Pl 17.5 ± 1.5 21 ± 5 4
10 TA4 2978400 6368700 Pl 17.5 ± 1.5 9 ± 6 4
11 TA6 2979800 6372900 base Pl 19 ± 0.5 4 ± 6 4
12 MA1 2968100 6319800 Pl 17.5 ± 1.5 9 ± 4 4
13 TA7 2979500 6365500 Pl-Sc 17 ± 2 10 ± 4 4
14 MK1 2917700 6252750 Pl-Sc 17 ± 2 62.7 ± 10 3
15 MK2 2917500 6252700 Pl-Sc 17 ± 2 44.9 ± 16 3
16 PT3 2920314 6271124 Pl-Sc 17 ± 2 179 ± 23 2
17 HK2 2971700 6387700 Po 20.4 ± 1.4 5.3 ± 11 3
18 HK3 2972700 6387700 Po 20.4 ± 1.4 19.3 ± 13 3
19 JK4 971800 6387700 Po 20.4 ± 1.4 22 ± 4 3
20 TA2 2974900 6378200 Po 20.4 ± 1.4 23 ± 8 4
21 RK 2911770 6298820 Po 20.4 ± 1.4 18 ± 9 5
22 HR3 2906150 6275900 Sc-Sw 13.5 ± 2.5 130 ± 10 3
23 TP1 2958000 6271000 Sc-Sw 13.5 ± 2.5 87.3 ± 12 2
24 AV1 2914910 6269664 Sc-Sw 13.5 ± 2.5 19.2 ± 6 2
25 HR1 2920400 6276000 Sl-Sw 13 ± 2 44.5 ± 8 3
26 HR2 2919700 6273600 Sl-Sw 13 ± 2 94.3 ± 25 3
27 WK1 2866400 6266800 Sl-Sw 13 ± 2 69.7 ± 30 3
28 PT1 2919863 6273276 Sl-Sw 13 ± 2 44.6 ± 16 2
29 MW1 2913064 6269092 Sl-Sw 13 ± 2 39.5 ± 52 2
30 HG1 2913064 6270873 Sw-Tt 9.9 ± 3.4 43.6 ± 12 2
31 WV1 2948913 6283778 base Wo 5.3 ± 0.3 4.7 ± 10 2
32 TB1 2973000 6293000 Tt 8.8 ± 2.2 8.9 ± 8.9 2
33 KA1 2948000 6267000 Tt 8.8 ± 2.2 56.3 ± 3 2
34 HINEKURA 2731500 5986300 uTt 7.7 ± 1.2 30.1 ± 3.4 6
35 MK3 2914000 6238000 15 ± 1 94.7 ± 27 3
36 MK4 290500 6246000 4 ± 0.5 21.7 ± 12 3
37 MK5 2905600 6245500 5 ± 0.5 40.5 ± 10 3
38 MK6 2907000 6245000 6 ± 0.5 28.8 ± 11 3
39 MK7 2914000 6244000 10 ± 1e 47.2 ± 4 7
40 MK8 2912000 6244000 9 ± 1e 39.7 ± 3 7
41 MK9 2910000 6244000 8 ± 1e 41.2 ± 5 7
42 MK10 2908500 6245000 6 ± 0.5e 21.7 ± 11 7
43 WH1 2875664 6232262 2 ± 0.5e 17.4 ± 5 7
44 WANGANUI RIVER 2687300 6184100 2.5 ± 0.1e 3.9 ± 3.9 8
45 TURAKINA RIVER 2725600 6164000 2.5 ± 0.1e 9 ± 2 8
46 RANGITIKEI RIVER 2756900 6156900 2.5 ± 0.1e 15.7 ± 3.1 8
47 SOUTH WAIRARAPA ? ? ? 2.2 ± 0.2 �4 ± 6 9
49 MANAWATU STRAIT 2747500 6098500 l Wn 2.2 ± 0.2 4 ± 2 10

aGrid references in New Zealand Map Grid Projection (1949 Geodetic Datum).
bNumerical ages based mainly on recent geological mapping and paleontological data [e.g., Begg and Johnston, 2002; Mazengarb and Speden, 2000;

Lee and Begg, 2002]. Age midpoint of quoted NZ stage using timescale of Cooper [2004] with uncertainties equal to time range of stage(s).
cDeclination of remanent magnetism (relative to True North) after cleaning (thermal or alternating field) and bed dip correction. Uncertainties are given

to the 95% confidence level.
d1, Mumme and Walcott [1985]; 2, Thornley [1996]; 3, Walcott and Mumme [1982]; 4, Mumme et al. [1989]; 5, Rowan et al. [2005]; 6, Walcott et al.

[1981]; 7, Wright and Walcott [1986]; 8, Wilson and McGuire [1995]; 9, Lamb [1988]; 10, Beanland [1995].
eAge assigned from magnetostratigraphy.
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[25] Strike-slip displacement of more than several kilo-
meters has not been unequivocally demonstrated on faults
east or west of the North Island Fault System. To the west
of the axial ranges, the geometries of faults imaged in
seismic reflection profiles of good quality are not consistent
with significant strike-slip, particularly in the last 5 Myr
[Anderton, 1981; King and Thrasher, 1996]. East of the
ranges strike-slip displacements of 16–350 km have been
postulated for the Poukawa-Oruawharo Fault Zone (ES on
Figure 7) [Kingma, 1958; Cashman et al., 1992; Beu, 1995]
and the Adams-Tinui and Akito fault zones [Delteil et al.,
1996] since the start of the Miocene (Figure 7 for fault
locations). Recent geological mapping and trenching of the
Poukawa Fault Zone indicates predominately reverse dip-
slip [Kelsey et al., 1998], while the geometries and kine-
matics of the Adams-Tinui and Akito faults support an
imbricate thrust stack model [Pettinga, 1982; Chanier,
1991; Lewis and Pettinga, 1993; Rait, 1997]. Strike-slip
in excess of 200–300 km [e.g., Delteil et al., 1996] would
be expected on long (for example, 300–600 km) continu-
ous and relatively unsegmented faults [Wesnousky, 1988].
The preponderance of short (<50–100 km), segmented, and
discontinuous faults, which, in some cases, bound basement
outcrop (Figure 1), together with the lack of unequivocal
strike-slip kinematic indicators lead us to conclude that
strike-slip has been minimal (for example, <10 km) on
faults east of the axial ranges.

4. Vertical-Axis Rotations

[26] Over the last three decades the study of declinations
of primary magnetism in sedimentary rocks ranging up to
ca. 32 Ma in age has provided a basis for the recognition of
vertical-axis rotations of the crust in New Zealand [e.g.,
Kennett and Watkins, 1974; Mumme and Walcott, 1985;
Wright and Walcott, 1986; Lamb, 1988; Walcott, 1989;
Roberts, 1992, 1995; Wilson and McGuire, 1995; Thornley,
1996; Little and Roberts, 1997; Rowan et al., 2005].
Modeling of geodetic velocities [Walcott, 1984b; Beavan
and Haines, 2001; Wallace et al., 2004] and Late Quater-
nary fault slip rates [Beanland and Haines, 1998] indicates
that these rotations continue to the present-day. We use
paleomagnetic data in combination with strain gradients
along the margin, bending of Mesozoic terranes and GPS
velocities to constrain rotations about vertical axes within
the Hikurangi Margin.
[27] Paleomagnetic data for the North Island from a

number of sources are summarized in Table 1 and presented
in Figures 10 and 11. These data have been corrected for the
tilt of strata and for secular variation (refer to original
publications for further discussion). The rocks are typically
weakly magnetized with low signal-to-noise ratios, which
are reflected in the high uncertainties of many of the
declinations (for example, �±100%). Measurement errors
may result in significant variations of rotations for samples
on the same local structure and within rocks of similar age
(for example, compare samples 26 and 28, Table 1). In
addition, some rotations may also be influenced by their
proximity to local structure. Extreme paleomagnetic rota-

tions recorded by samples 8 and 16 (Table 1) close to the
Waerengaokuri Fault (Figure 10) may, for example, have
been induced by locally high shear strains [Thornley, 1996].
Although some paleomagnetic rotations may have signifi-
cant errors [cf. Rowan et al., 2005] or vary locally due to
tectonics, the reproducibility of the general results indicates
that first-order conclusions based on these data are probably
robust.
[28] The samples are unevenly distributed in space with

most being from the northern part of Hikurangi Margin
(Figure 10). Many of the samples were collected to con-
strain the location of a rotation boundary near Gisborne
[e.g., Walcott, 1989; Thornley, 1996; Walcott and Mumme,
1982]. This boundary separates rocks of the Raukumara
Domain with mainly 0�–20� clockwise rotations, from
strata to the south in the Wairoa Domain that are commonly
rotated clockwise by up to 60�–90� (Figures 10 and 11).
The boundary is not coincident with known faults, and the
high strains required at the boundary are inferred to be
distributed across the zone [Thornley, 1996]. The westward
projection of this rotational boundary broadly coincides
with ca. 25� changes in the trends of the North Island Fault
System, Taranaki Fault, and Junction Magnetic Anomaly/
Dun Mountain Ophiolite (Figure 7). This coincidence
provides a measure of geological support for the existence
of the rotation boundary. However, the geodetic velocity
field [Walcott, 1989; Beavan and Haines, 2001; Wallace
et al., 2004] and modeling of Late Quaternary fault dis-
placements [Beanland and Haines, 1998] show the entire
eastern North Island to be rotating at a rate of �3�/Myr
(with respect to stable Australian Plate), with no difference
between Raukumara and Wairoa domains. The rotational
boundary (Figure 7) may have been abandoned 1–2 Myr
ago [Nicol and Wallace, 2007] when rifting and volcanism
commenced in the Taupo Volcanic Zone [Wilson et al.,
1995].
[29] In the Raukumara Domain the rates of clockwise

vertical-axis rotation were about 1�/Myr since ca. 24 Ma
(Figure 11), which is approximately equal to the bulk rates
of clockwise rotation of the Australian Plate, as indicated by
the polar wander path of Idnurm [1985]. Therefore, within
the measurement uncertainties, the Raukumara Domain is
unrotated with respect to the undeformed Australian Plate
west of New Zealand.
[30] Rates of rotation for the last 10 Myr in the Wairoa

Domain are typically in the range of 3�–5�/Myr (Figure 11).
If the bulk clockwise rotation of the Australian Plate was
about 1�/Myr, then, since 10 Ma, the Wairoa Domain
rotated at about 2�–4�/Myr with respect to stable Australian
Plate west of New Zealand. This estimate is consistent with
previous interpretations of paleomagnetic data [e.g., Walcott
and Mumme, 1982], the �3�/Myr modeled from GPS
velocities [Wallace et al., 2004] and the �3.5�/Myr required
by the southward increase in shortening along the margin
[Nicol and Wallace, 2007]. The clockwise rotations of the
Hikurangi Margin relative to stable Australian Plate prior to
10 Ma are poorly constrained by the paleomagnetic data
(Figure 11).
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Figure 10. (a) Locations and declinations for paleomagnetic samples from the southern, western, and
central North Island and (b) the northeast-east North Island. Absolute rotations about vertical axes (i.e.,
including bulk rotation of the Australian Plate) indicated by the angular divergence of each arrow from
north. Sample numbers given in Table 1 are indicated. Rotational boundaries between the Wairoa and
Raukumara domains (Figure 10a and 10b) and eastern and western Wairoa domain (Figure 10a) are
shown. For further details of the data, refer to Table 1 and section 4. (c) Schematic diagram showing the
southward increase in shortening across the Hikurangi Margin arising due to the 30� clockwise rotation.
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[31] Late Miocene and younger rotation rates in the
Wairoa Domain (relative to undeformed Australian Plate)
decrease from about 3�/Myr east of the North Island Fault
System to zero at the western margin of the plate boundary
[Wilson and McGuire, 1995; Wallace et al., 2004; Nicol and
Wallace, 2007]. Decreases in rotation rates appear to occur
principally across the North Island Fault System, the Taupo
Rift, and the Kapiti-Manawatu Fault Zone (Figure 7). These
decreases are consistent with the rotational block model of
Wallace et al. [2004] and with the Pliocene-Pleistocene
rotational model of King and Thrasher [1996] for the
Taranaki Basin. Due in part to the westward decrease in
rotation rates, paleomagnetic data from the west of the
Taupo Rift and Kapiti-Manawatu Fault Zone (Wairoa
Domain west) tend to plot on Figure 11 below the samples
from further east. The westward decrease in the post middle
Miocene rates of rotation are accompanied by a decrease of
shortening rates in the same direction [Nicol and Beavan,
2003] and are consistent with the poles to these rotations
(relative to a fixed Australian Plate) being located close to
the western margin of the plate boundary zone (Figure 12)
[King and Thrasher, 1996; Beanland and Haines, 1998;
Wallace et al., 2004]. The westward decrease in rotation
rates is schematically illustrated in Figure 12 where hypo-
thetical marker lines are progressively bent clockwise as
they approach the subduction thrust by applying present
rotation rates for 10 Myr. The eastward increase in rotations
is achieved in two main steps located along the Taupo Rift
to Kapiti-Manawatu Fault Zone and the North Island Fault
System (Figure 12). These faults define the boundaries of
three large crustal blocks within which the amount and rate
of rotation are approximately constant. The resulting bend-
ing of the Australian Plate occurs about a vertical axis
approximately positioned at the southern termination of

subduction and coincident with the pole of rotation of the
Australian Plate relative to a fixed Pacific Plate (open circle,
Figure 12). Clockwise rotation and bending of the upper
plate may arise in part because the change from subduction
to continental collision at the southern termination of the
margin applies a torque to the eastern North Island, which
diminishes with increasing distance from the subducting
plate [Wallace et al., 2004]. Rotations may also have been
enhanced by a slab rollback of the subducting Pacific Plate
in the northern margin [Walcott, 1987].
[32] The late Miocene rates of rotation and their west-

ward decrease may not have applied for the duration
of subduction. Paleomagnetic data suggest rotation rates
of 3�/Myr (relative to stable Australian Plate) for the last
10 Myr in the eastern Wairoa Domain (Figure 11), which
would produce 30� rotation. The Junction Magnetic
Anomaly/Dun Mountain Ophiolite swings clockwise
�25� across the Raukumara/Wairoa rotational boundary,
in accord with the rotation of paleomagnetic samples 1 and
2 (Table 1). In the Wairoa Domain the Esk Head Melange
(EHM) basement terrane trends 20�–25� clockwise of the
Junction Magnetic Anomaly/Dun Mountain Ophiolite trend.
If the divergence of these two trends is due principally to
spatial variations in vertical-axis rotations, then the total
clockwise rotation of the Esk Head Melange is �45�–50�.
Approximately 30� of this total rotation occurred during the
last 10 Myr and, if the remaining �15�–20� accrued since
the onset of subduction at 24–30 Ma, the average rates of
rotation (relative to stable Australian Plate) prior to 10 Ma
would have been �1�/Myr. A similar decrease in rotation
rates has previously been inferred to have occurred at 5–
10 Ma [Walcott, 1989; Rowan et al., 2005]. This change in
rate may have been accompanied by a change from the
bending depicted in Figure 12 to approximately uniform
rotation rates across the entire margin prior to 10 Ma. This
inference is consistent with the 20�–25� finite rotation of
the Junction Magnetic Anomaly/Dun Mountain Ophiolite,
10�–20� of which accrued prior to 10 Ma (i.e., 20�–25�
minus 5�–10� for the last 10 Myr), which is comparable to
the �15�–20� clockwise rotations inferred for the Esk
Head Melange prior to 10 Ma. Approximately constant
rates of rotation across the entire margin during the early
mid-Miocene are consistent with deformation across the
Taranaki Fault (near to the western margin of the plate
boundary zone) that occurred at this time but which has
been largely absent in the last 5–10 Ma [King and
Thrasher, 1996; Nicol et al., 2004].

5. Margin-Parallel Motion

[33] The current rates of ca. 25–30 mm/year of total
margin-parallel relative plate motion between latitudes 39�
and 41.5�S [Beavan et al., 2002] could produce 600–900 km
of strike-slip if these rates applied since 24–30Ma. However,
even the long (for example, >100 km) strike-slip faults in the
North Island Fault System collectively appear to carry no
more than 20 km total strike-slip [Beanland, 1995; this
study]. The apparent discrepancy between the estimated
strike-slip and the total margin-parallel motion across the

Figure 11. Plot of vertical-axis rotation versus paleomag-
netic sample age for Tertiary strata. Positive rotations are
clockwise and negative anticlockwise. Constant rotation
rates of 1�–5�/Myr and 10�/Myr are indicated. Rukumara
Domain (grey squares), Wairoa Domain west of the TVZ
and KMFZ (open circles), and Wairoa Domain east of the
TVZ and KMFZ (filled circles) are shown. Refer to Table 1
and section 4 in the text for further sample details.
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margin require that either (1) significant strike-slip in the
upper plate remains undetected, (2) strike-slip occurs on
the plate interface, (3) the rates of margin-parallel motion
were lower in the past than they are today, or (4) margin-
parallel slip is being accommodated in the upper plate by
clockwise vertical-axis rotation of the eastern North Island
[e.g., Wallace et al., 2004]. To explore which of these
alternatives is most likely we estimate the margin-parallel
motion due to the clockwise rotations of the Australian
Plate and the total margin-parallel relative plate motion.
The difference between these two measures indicates the
maximum permissible strike-slip on upper plate faults.
[34] The rate of margin-parallel motion is controlled by

the azimuth and magnitude of the relative plate motion
vector and by the trend of the plate boundary. The motion of
the Pacific Plate relative to the Australian Plate since 26 Ma
is defined by rotations about a series of Euler poles located
south of New Zealand [e.g., Cande and Stock, 2004]. The
Australian/Pacific Plate relative motion vector is calculated
here for a fixed location approximately midway along the
Hikurangi Margin (i.e., latitude 40�S and longitude 179�E)
using the location and rate of rotations about Euler poles

from seafloor spreading information for 2.58–26.55 Ma
[Cande and Stock, 2004, Table 7] and from contemporary
GPS [Beavan et al., 2002, Table 3]. Neither our choice of
published Euler pole locations and rotation rates nor the
location used for generating Figure 13 impact on the first-
order conclusions presented here. The relative plate motion
azimuth varied by 2� since ca. 26 Ma, while the southward
migration of the Euler poles resulted in an increase of the
rate of motion from 32 mm/year at ca. 26 Ma to 43 mm/year
today [Beavan et al., 2002; Cande and Stock, 2004]. In
addition to these rate changes, the overriding plate rotated
clockwise by ca. 45�–50� since 24–30 Ma. We follow
previous literature in suggesting that rotations of the upper
plate describe the rotation of the margin [e.g., Walcott,
1984a, 1987; Rait et al., 1991; Field et al., 1997; King,
2000]. Therefore, to chart the change in trend of the margin,
we have used clockwise rotation rates of 2�–4�/Myr since
10 Ma and 0�–1�/Myr from ca. 10 to 26–30 Ma, as can be
inferred from the paleomagnetic data. For these rates of
rotation, a present margin trend of 030� and the Euler poles
of Cande and Stock [2004] and Beavan et al. [2002], we
estimate the margin-parallel and margin-normal components

Figure 12. Schematic diagram of North Island showing strike-slip faults and clockwise rotations for
marker lines oriented NW-SE at 10 Ma. Finite rotations of strain markers increase from west to east. The
total margin-parallel motion due to strike-slip and vertical-axis rotations is shown. Bending of the
Australian Plate takes place about an axis approximately coincident with the southern termination of
subduction and the block rotation pole relative to a fixed Pacific Plate. The block rotation poles are from
the work of Wallace et al. [2004]. For further discussion, see text.
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of Australian/Pacific Plate relative motion vector at 0, 2.58,
6.04, 10.95, 20.13, and 26.55 Ma. As the plate motion
azimuth remained approximately stable over the last 26 Myr,
temporal changes in the margin-normal and margin-parallel
components of relative plate motion (Figure 13) were due
mainly to margin rotation and southward migration of the
Euler pole.
[35] Clockwise rotation of the margin resulted in a pro-

gressive increase in the component of margin-parallel motion
as subduction evolved (Figure 13). Prior to about 15 Ma the
relative plate motion vector was approximately orthogonal
to the margin, with little or no strike-slip required. A
similar conclusion has been reached for margin rotations
ca. 20�–40� greater than those used here and for compa-
rable Euler pole locations [Beanland, 1995; King, 2000].
The rates of margin-parallel motion increased from about
10 Ma to the present, with current rates at a maximum for
the post-Oligocene. Clockwise rotations could account for
the entire margin-parallel component of the relative plate
motion (see Figure 12 for derivation) prior to ca. 1–2 Ma
(Figure 13), however, given the uncertainties in the total
margin-parallel motion, in the margin-parallel accommo-
dated by rotations and in the timing of the inferred change
in rotation rates, some strike-slip before 1–2 Ma cannot be
discounted. After ca. 1–2 Ma, rotations take up between

ca. 35 and 85% of the total margin-parallel motion, with
ca. 3–19 mm/year accommodated by other mechanisms
(at the latitude of Figure 13). These numbers are consistent
with the modeling of GPS velocities which suggest that
�60% of contemporary margin-parallel motion is accom-
modated by the clockwise rotation of the eastern North
Island. Earthquake slip vectors from the subduction thrust
[Webb and Anderson, 1998] and GPS [Wallace et al.,
2004] indicate that the contemporary slip on the subduc-
tion interface is mainly dip-slip. Therefore we infer that
the nonrotational component of the margin-parallel motion
was mainly accommodated by strike-slip faults in the
upper plate. At the latitude of Figure 13, strike-slip in
the North Island Fault System accounts for 30–100% of the
nonrotational margin-parallel motion in the last 1–2 Myr
(i.e., 6–12 mm/year; Beanland [1995]; Schermer et al.
[2004]; Langridge et al. [2005]).
[36] Late Quaternary rates of strike-slip of ca. 6–

8 mm/year on the Wellington Fault [Berryman, 1990] could
have produced cumulative displacement of 5–8 km in the
last 0.6–1.3 Ma, with little strike-slip prior to this time [see
also Berryman et al., 2002]. These calculations are consis-
tent with the inferred 1- to 2-Ma age of strike-slip in the
North Island Fault System [Erdman and Kelsey, 1992;
Beanland, 1995; Kelsey et al., 1995] and with the sugges-
tion that, prior to 1–2 Ma, margin-parallel plate motion was
mainly accommodated by vertical-axis rotations. These
rotations also caused the margin to become more oblique
to the relative plate motion vector through time, increasing
the strike-slip required. With continued clockwise rotation
of the margin we expect the role of strike-slip to increase in
the future.
[37] For the Pacific-Australian relative plate motion the

total margin-parallel right-lateral displacement since 26 Ma
would have been ca. 190 ± 130 km, with ca. 150 ± 50 km in
the last 10Myr (Figure 13). Clockwise rotation over the same
time periods (i.e., 0–26 and 0–10Ma) produced about 200 ±
100 and 150 ± 50 km of margin-parallel motion. These
estimates are consistent with the notion that the total
margin-parallel motion was >100 km, with a significant
proportion (for example, 50–100%) of this accommodated
by clockwise rotation. Given the uncertainties, the precise
relations between total and rotational margin-parallel
motion are not known. Models requiring hundreds of kilo-
meters of right-lateral strike-slip in the upper plate during
the early Miocene [e.g., Delteil et al., 1996] are, however,
inconsistent with the available data, unless anticlockwise
rotation or hundreds of kilometers of left-lateral strike-slip
are introduced to reconcile upper plate right-lateral strike-
slip and clockwise rotation with the relative plate motion.

6. Discussion

[38] At plate boundaries the spatial pattern of tectonic and
depositional environments may change significantly
through time. Under these circumstances, reconstructions
of paleo-environments or paleogeography can be problem-
atic if postreconstruction deformation has not been removed.
This point has been widely recognized, and numerous

Figure 13. Margin-parallel and margin-normal compo-
nents of the Pacific and Australian relative plate motion
vector since ca. 26 Myr for the central Hikurangi Margin
(latitude 40�S and longitude 179�E). Components of motion
calculated using finite rotation poles for the Australian/
Pacific plate boundary from 2.58- to 26.55-Ma seafloor
spreading information of Cande and Stock [2004] and
contemporary GPS of Beavan et al. [2002]. Margin
orientations and the component of margin-parallel motion
due to vertical-axis rotation calculated using a present margin
trend of 030� and clockwise rotations of 3 ± 1�/Myr from 0–
10 Ma and 0–1�/Myr from 10–26 Ma (see section 4). For
relative plate motion components, dashed lines represent
means, while shaded areas indicate standard errors. Paired
horizontal lines indicate maximum and minimum margin-
parallel motion accommodated by vertical-axis rotations.
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workers have produced Tertiary restorations of parts of
[Beu, 1995; Crampton et al., 2003] or the entire New
Zealand plate boundary [e.g., Ballance, 1976; Carter and
Norris, 1976; Cole, 1986; Walcott, 1978, 1987; Kamp,
1987; Lamb, 1988; Rait et al., 1991; Lewis and Pettinga,
1993; Field et al., 1997; King, 2000]. To test the validity of
past reconstructions for the Hikurangi Margin, we use the
strain profiles from Figures 3 and 4 in addition to paleo-
magnetic rotations, fault strike-slip, and bending of base-
ment terranes. Tectonic restorations are presented for ca. 5
and 24 Ma using the present coastline and the transect lines
from Figure 5 as reference lines to track deformation
(Figure 14). Mean values of shortening, extension, strike-
slip, and vertical axis rotations are used in all cases. The
reconstructions should be regarded as first approximations
with the older of the two considered less precise.
[39] The 5-Ma map does not show a significant change in

shape of the coastline from the present configuration (for
example, compare Figures 14a and 14b), while the 24-Ma
tectonic reconstruction displays a change in shape of the
coastline along with a change in the location and trend of
the margin (Figures 14b and 14c). Neither map depicts as
much deformation as previous reconstructions for the same
two time lines [e.g., Ballance, 1976; Carter and Norris,
1976;Walcott, 1984a, 1984b, 1987; Kamp, 1987; Rait et al.,
1991; King, 2000]. The principal reasons for this departure
from previous work are fourfold. First, in our reconstruc-
tions, the total extension across the Taupo Volcanic Zone
and the Central Volcanic Region (see Figure 7) is signifi-
cantly less than their total width (i.e., 2- to 38-km extension
on strain profiles 23, 24, and 25 as opposed to 50–100 km
width at the location of these profiles, Figure 7). This
conclusion is consistent with the predominance of extension
of continental crust and the absence of newly created
oceanic crust in the onshore volcanic regions. Second, our

Figure 14. Reconstructions of New Zealand Plate bound-
ary zone and the Hikurangi Margin from the (a) present to
(b) 5 and (c) �24 Ma. The locations of the strain transects
in Figure 5 have been included as additional markers. The
5-Ma reconstruction includes up to 20 km (profile D) of
shortening and 42 km (profile A) of extension, 5 km of
distributed strike-slip across the entire margin and an
additional 15 km of strike-slip on the North Island Fault
System, 15� clockwise rotation of the eastern North Island
(i.e., average rate 3�/Myr) and zero rotation at the western
margin of the plate boundary. In addition to deformation
over the last 5 Myr, the 24-Ma reconstruction includes
30� clockwise rotation (see section 4), no strike-slip, and
115 km of margin-normal shortening distributed across the
entire plate boundary zone at a latitude of 40�S (for
example, sum profiles 41, 49, and 63). TFS is the Taranaki
Fault System (includes the Taranaki, Manaia, and Waimea-
Flaxmore faults); AF, Alpine Fault; DMO, Dun Mountain
Ophiolite; EHM, Esk Head Melange. Open arrows and rates
indicate motion of the Pacific Plate relative to the Australian
Plate for the present-day [Beavan et al., 2002] and the
geological record [Cande and Stock, 2004].
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results indicate that margin-parallel plate motion was mostly
accommodated by clockwise rotations about vertical axes,
significantly decreasing the requirement for strike-slip fault-
ing. Third, the total post-Oligocene clockwise rotation of
45�–50� for the eastern 100–200 km of the margin is
significantly less than the 60�–90� typically applied for
this region. Increasing the rotations by a factor of two would
be expected to increase the margin-normal shortening across
the entire plate boundary zone in the southern North Island
by a similar order. While substantial (>20–30 km) early
Miocene shortening and thrusting has been inferred along
the east coast of the North Island [e.g., Pettinga, 1982; Rait
et al., 1991; Barnes et al., 2002] and Raukumara Peninsula
[Mazengarb and Speden, 2000], the available data does not
support Miocene shortening in excess of about 150 km
(Figure 10c). Last, the ca. 3–8 mm/year average rates of
margin-normal shortening in the upper plate were much
lower than the average 34–35 mm/year rate of plate
convergence since the Oligocene (Figure 13). Therefore
most (>80% at latitude 40�300S) of the convergence across
the plate boundary accrued on the plate interface, making
the subduction thrust by far the most important contrac-
tional structure along the Hikurangi Margin since the
inferred inception of subduction [Nicol and Beavan,
2003; Nicol and Wallace, 2007; this study]. Shortening
rates in the upper plate for the Miocene and post-Miocene
time intervals are consistent with the view that, when
averaged for �5 Myr, both the plate convergence rates
and the transfer of displacement from the subduction thrust
into the upper plate was approximately constant.
[40] Uniform rates of shortening in the upper plate were

accompanied by variable strike-slip, normal faulting, and
clockwise rotations. The increase in strike-slip is, at least in
part, driven by the temporal and spatial increase in the
obliquity of relative plate motion, with lower rates of
margin-parallel plate motion during the Miocene than the
Pliocene-Pleistocene. In addition, the southward increase of
strike-slip along the margin during the last 1–2 Myr may also
be influenced by a narrowing of the width of the plate
boundary and a consequent reduction in the margin-parallel
motion accommodated by clockwise rotations [Nicol and
Wallace, 2007]. Normal faulting in the northwestern North
Island, including rifting in the Taupo Volcanic Zone, formed in
conjunction with rotations of the eastern Hikurangi Margin
[Wallace et al., 2004]. These clockwise rotations are thought to
arise, in part, because the subduction thrust has no finite slip at
its southern termination, where continental collision is taking
place, and is slipping freely beneath Raukumara Peninsula
[Reyners, 1998; Upton et al., 2003;Wallace et al., 2004]. The
5- and 24-Ma reconstructions also incorporate slab rollback,
which has been proposed to account for the eastward
migration and apparent clockwise swing in the trend of
volcanic arcs from 40 Ma to the present [e.g., Ballance,
1976; Walcott, 1987; Stratford and Stern, 2006]. Increases
in the rates of rotation at about 10 Ma may signify an
increase in the rate (or the commencement) of slab rollback
at this time and/or could signify the onset of subduction of
the Hikurangi Plateau. An increase in rotation rates at about

10 Ma would be consistent with an increase in the rate of
extension in the Taranaki Basin at this time.
[41] Figures 13 and 14 allow us to speculate as to why the

search for major strike-slip faults in the North Island (for
example, >50- to 100-km displacement) has been unsuc-
cessful. During the early to middle Miocene (ca. 10–24 Ma)
the Hikurangi Margin was approximately orthogonal to the
Alpine Fault and the relative plate motion vector (Figures
13 and 14c). Given these fault geometries and kinematics,
there is no requirement for strike-slip in the Hikurangi
Margin, and strike-slip on the Alpine Fault would have
been transferred onto the subduction thrust as dip-slip or
into the overriding plate as shortening (Figure 14). Clock-
wise rotation of the Hikurangi Margin contributed to a
progressive decrease in the angle between the trend of the
margin and the strike of the Alpine Fault since 24 Ma
(compare Figures 14b and 14c). As a result, more Alpine
Fault strike-slip was transferred into strike-slip and vertical-
axis rotations in the Hikurangi Margin as subduction pro-
gressed. Strike-slip in the upper plate appears to have
commenced late in the evolution of the margin at 1–2 Ma
[Erdman and Kelsey, 1992; Kelsey et al., 1995; this study],
with high rates of strike-slip (>10 mm/year) mainly limited
to the southernmost 100 km of the North Island Fault
System. The North Island Fault System is presently the
most likely northern extension of the Alpine Fault in the
North Island. However, because of the North Island Fault
Systems comparatively short strike-slip history and because
much of the Alpine Fault displacement is (and has been in
the past) transferred directly onto the subduction thrust, it
only carries a small fraction of the total displacement on the
Alpine Fault in the northern South Island.

7. Conclusions

[42] Deformation of the Hikurangi Margin, New Zealand
has been driven by the subduction of the Pacific Plate during
the last 24–30 Ma and includes shortening, extension, verti-
cal-axis rotations, and strike-slip faulting. Shortening in the
upper plate increased southward reaching a maximum of ca.
3–8 mm/year. Shortening in the upper plate since the Oligo-
cene accommodated a small proportion of the rate of plate
convergence, with most (>80%) accruing on the subduction
thrust. The uniformity of these rates of upper plate shortening
are consistent with the near-constant rates of plate convergence
and suggest that, when averaged for �5 Myr, the transfer of
displacement from the subduction thrust into the upper plate
was also approximately uniform. In contrast to the temporal
uniformity of the shortening, the rates of clockwise vertical-
axis rotations of the eastern Hikurangi Margin were variable,
with higher rates since 10Ma (�3�/Myr) than between 10 and
30 Ma (�0�–1�/Myr). During the last 10 Myr the rates of
rotation decreased with increasing distance westward from the
subduction thrust, which resulted in bending of the North
Island about an axis coincident with the southern termination
of subduction. With the rotation of the margin and southward
migration of the Pacific Plate Euler poles, the component of
margin-parallel relative plate motion has increased to the
present. Plate convergence dominated the Hikurangi Margin
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before ca. 15 Ma, with the rate of margin-parallel motion
increasing markedly since 10Ma. Vertical-axis rotations could
have accounted for all of the margin-parallel motion before 1–
2 Ma and the onset of strike-slip in the North Island Fault
System, eliminating the necessity for large strike-slip displace-
ments (for example, >50 km) in the overriding plate.
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