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Abstract

In the NW South Island, New Zealand, high-angle faults inherited from episodes of Late Cretaceous—Paleocene and Eocene extension have,
since the early Miocene, undergone compressional inversion in association with right-lateral shearing and transpression on the Alpine Fault.
Active reverse faulting and large historical earthquakes occur along N—S to NNE—SSW trending faults which at the surface dip 45—75° to
both the east and west. The faults truncate subparallel folds that deform the Tertiary sequence overlying a composite Paleozoic—Mesozoic crys-
talline basement. However, the deep geometry of these faults, their penetration into the middle-to-lower crust and their relationship to the Alpine
Fault are poorly understood. The tectonic architecture of this compressional inversion province is analysed by reconstructing structural contours
at the base of the Oligocene carbonate sequence in the north-west of the South Island. Deformation of the Oligocene carbonate sequence, struc-
tural analyses in the field and subsurface data indicate a mixed style of inversion with (1) reactivation of some high-angle normal faults and (2)
thrusting on new, moderate-dipping cross-cutting faults that detach slivers of basement and cause flexural folding in the sedimentary cover.
These faults may remain blind or concealed beneath cover sequences but are likely to control seismic rupturing in the basement at depths of

~10—15 km.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The crustal architecture of the South Island of New Zealand
is dominated by lithological and structural heterogeneities, in-
herited from a complex sequence of tectonic events. Following
collision and accretion of Terranes on the Gondwana margin
during the Tuhua (Devonian—Carboniferous) and Rangitata
(Jurassic—Early Cretaceous) orogenies (Bishop et al., 1985),
the continental block of New Zealand separated from Australia
and Antarctica during episodes of Middle—Late Cretaceous
and Late Cretaceous—Paleocene rifting in the Tasman Sea
(Nathan et al., 1986). Spreading halted in the Late Paleocene
(c. 56 Ma), but a new extensional plate boundary was initiated
at c. 45Ma across the South East Tasman and Emerald
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Basins (Fig. 1), and propagated into continental crust on the
western margin of the South Island (Lebrun et al., 2003). In
the late Eocene—Oligocene, an alignment of extensional ba-
sins extended across the whole length of the South Island
and in the Taranaki region (King, 2000). During the time
interval 25—20 Ma, a change in orientation of the Pacific—
Australia plate motion vector initiated the processes of oblique
compression across the plate boundary (Sutherland, 1995).
Timing of the inception of the Alpine Fault remains controver-
sial (see Sutherland, 1999 for a discussion), but plate recon-
structions (e.g. Sutherland, 1995; King, 2000) constrain the
establishment of a through-going right-lateral transform to
around 25 Ma (late Oligocene—Early Miocene), with a pro-
gressive increase in convergence rates since the late Miocene
(10 Ma).

With average strike-slip rates of 25—30 mm year ' the Al-
pine Fault has taken up 60—80% of the Australia—Pacific
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Fig. 1. Regional setting of the study area (in light grey) relative to the trans-
pressive Australia—Pacific plate margin in the South Island and the Alpine
Fault. Interplate slip vector from Nuvel 1A model of DeMets et al. (1994).

lateral motion in the last 5 Ma (Figs. 1 and 2). In contrast, dip
slip rates vary significantly along strike (from 2 to 8 mm
year'; cf. Norris and Cooper, 2000) on fault segments dipping
45—70° SE. Thus, a significant fraction of the plate-perpendic-
ular shortening is not accommodated along the Alpine Fault
and is likely partitioned onto an array of other faults and folds.

Quaternary strike-slip and thrust faulting (Norris and
Cooper, 1995, 2000) and GPS data (e.g. Holt and Haines,
1995; Beavan and Haines, 2001) indicate accumulated and
ongoing deformation over a wide area in the hanging-wall
of the Alpine Fault, consequent on crustal thickening within
the Pacific plate in the convergent collisional orogen of the
Southern Alps (Norris et al., 1990).

In contrast, deformation of the Australian plate is generally
regarded as being of lower intensity, with passive flexuring and
underthrusting along the west margin of the South Island (e.g.
Koons, 1990). However, accommodation of shortening in the
Australian plate west of the Alpine Fault is well testified by
Neogene inversion of Late Cretaceous and Eocene normal
faults along the western margin of the South Island (Wellman,
1949; Bishop and Buchanan, 1995) and in the Taranaki Basin
(King and Thrasher, 1996). In these regions, offshore seismic
data and geological mapping on land (Nathan et al., 1986;
Bishop, 1992a) show that high-angle, N—S faults have

controlled—through multiple episodes of compressional inver-
sion—Tlocalisation and progressive foundering of the Mioce-
ne—Pliocene siliciclastic basins, contemporaneous with
activity on the Alpine Fault. In addition, the two largest earth-
quakes of the last century in the South Island (1929 Buller M
7.8, and 1968 Inangahua M 7.4) occurred in the region west
of the Alpine Fault, and were generated by reverse faulting
(with secondary components of left-lateral slip) on N—S fault
planes, respectively dipping 45° east and west (Anderson
et al., 1994; Doser et al., 1999). From inversion of focal
mechanisms in the northern South Island Balfour et al.
(2005) deduce a compressional contemporary stress field
with the greatest compressive stress o; subhorizontal and
trending 295 + 16°. Moderate to steeply dipping seismically
active N—S faults therefore dip at high angles to ¢y, and are
poorly oriented for frictional reactivation in the contemporary
stress field (Sibson, 1990). A number of studies have focused
on different structural characteristics of the deformed Austra-
lian crust (e.g. Berryman, 1980; Lihou, 1993; Anderson
et al., 1994; Pettinga and Wise, 1994; Bishop and Buchanan,
1995; Kamp et al., 1996; Yeats, 2000; Nicol and Nathan,
2001), but the percentage of plate-perpendicular shortening
partitioned onto faults in the Australian crust is largely un-
quantified. In fact it remains unclear whether deformation
is distributed through a large network of faults or is associ-
ated with reactivation of a few master faults with very
long recurrence intervals (e.g. Anderson et al., 1993).

Understanding selectivity of fault reactivation and slip par-
titioning in an array of faults are problems common to many
inversion provinces (e.g. Buchanan and Buchanan, 1995).
The South Island of New Zealand offers favourable conditions
to address these problems because of the well-documented
sequence of syntectonic sedimentary events (Nathan et al.,
1986), coupled to high rates of deformation in one of the
most active oblique margins in the world.

The aim of this paper is: (1) to assess the fault geometry in
the footwall of the Alpine Fault in the NW of the South Island;
(2) to define the style of compressional deformation—thin-
skinned detachments vs. fault penetration into the basement,
and (3) to evaluate the partitioning of shortening between fold-
ing, reactivation of old faults, and creation of new faults. The
analysis is based on the reconstruction of the structural con-
tours of a key marker horizon (the base of the Oligocene car-
bonate sequence), and is complemented by structural analyses
in selected key areas, and available seismic profiles and drill-
holes. Interpretation of these data is summarised in a regional
cross-section that emphasizes the coexistence of inverted,
steep faults inherited from earlier extensional phases, moder-
ate-dipping blind thrust faults favourably oriented in the pres-
ent stress regime, and layer-parallel detachments within folded
sedimentary covers. The geometry of faulting in the lower-mid
crust and structural connections to the Alpine Fault remain
highly speculative, but analysis of available data and quantifi-
cation of shortening suggest that blind thrusts, concealed
beneath thick panels of detached sedimentary cover, may rup-
ture in large earthquakes at 10—15 km depth. Given the short-
term historical record of seismic activity in New Zealand,
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Fig. 2. Tectonic sketch map of the study area, in the footwall of the Alpine Fault. Redrawn and simplified from Nathan et al. (1986), Rattenbury et al. (1998) and
Nathan et al. (2002). Partitioning of the interplate velocity vector parallel and perpendicular to the Alpine Fault after Norris and Cooper (2000).
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seismogenic faults that have not ruptured in the past 200 years
may still remain undetected.

2. Oligo—Miocene sedimentation and compressional
tectonic inversion

The structural grain of the investigated region (Fig. 2) is
dominated by an array of faults with dominant N—S to
NNE—SSW orientation, some of which are inherited from
the Late Cretaceous—Paleocene rifting in the Tasman Sea
(Nathan et al., 1986; Bishop and Buchanan, 1995). Distribution
of thick fluvio-lacustrine deposits (Paparoa Coal Measures,
latest Cretaceous to Paleocene) and of coarse clastic deposits
testifies to localised subsidence and strong vertical mobility,
connected to the activity of basin-bounding master faults.

Following a period of Late Paleocene—Early Eocene
subaerial erosion, with accumulation of fluvial-lacustrine
deposits (Brunner Coal Measures), regional marine transgres-
sion started in the Middle Eocene (shallow water mudstones
of the Kaiata Formation). The peak of post-rifting passive
subsidence is marked by deposition of a marine calcareous
sequence (Nile Group) during the Oligocene (34—27 Ma).
Facies of the Oligocene sequence (from shallow water
bioclastic limestones to deeper water basinal calcareous
mudstones) and thickness variations (<100 m thick con-
densed sequence in stable platforms and <1000 m thick cal-
careous mudstones in subsiding basins; cf. Nathan et al.,
1986) are indicative of a complex paleogeographic setting,
likely related to persistent structural highs inherited from
the rifted margin and/or synsedimentary tectonics. Available
reconstructions (Nathan et al., 1986; King et al., 1999) define
a large shelf area (paleodepths of 50—200 m), segmented by
deeper basins (Paparoa and Murchison basins, Fig. 3a). Al-
though paleogeographic reconstructions suggest that a large
part of New Zealand was submerged during the Oligocene,
a number of paraconformities and unconformities occur in
the sequence, and have been interpreted as resulting from ba-
sin starvation or removal of sediments by submarine current
erosion (e.g. “Marshall paraconformity” at 29 Ma; see
Carter, 1985).

Starting with the Early Miocene, localisation of rapidly
subsiding syntectonic basins infilled by terrigenous sequences
and a regional unconformity track a dramatic change in verti-
cal mobility, and mark the onset of compressional deformation
that continues today. These episodes are related to the re-
organisation of the Australian—Pacific convergent plate
boundary, with progressive accumulation of right-lateral slip
and oblique transpression on the Alpine Fault and uplift of
the Southern Alps (Sutherland, 1995; King, 2000).

Progressive differential uplift is recorded by the Miocene to
Pliocene regressive syntectonic clastic sequence (Lower and
Upper Blue Bottom Group), which exhibits strong lateral var-
iations in facies and thickness, and a number of unconfor-
mities. In the study area the Lower Blue Bottom Group
concordantly overlies the Oligocene carbonates when depos-
ited in persistently subsiding basins (e.g. Murchison basin),
but lies unconformably above the basement of the Eocene

units (e.g. wells Haku 1, Kawhaka 1, and Hokitika area;
cf. Nathan et al., 1986) when deposited above blocks that under-
went a reversal in mobility during the episodes of shortening.

3. Structural contour map of the base of the
Oligocene sequence

3.1. Methods and problems

The calcareous Oligocene sequence is a convenient marker
for assessing amounts and gradients of regional deformation
because it was deposited over a wide area at the end of rifting
and immediately before the onset of compressional tectonics.
Structural contour maps of the high energy reflector at the base
of the Oligocene calcareous sequence calibrated from seismic
lines and tied to exploration wells are available for the Tara-
naki Basins (Nathan et al., 1986; King and Thrasher, 1996)
and the subsurface of the Grey Valley Basin (New Zealand
Oil and Gas, 1997), but no regional structural contour map
of the Oligocene sequence exposed on land has previously
been compiled. Note, however, that the “base’ of the Oligo-
cene sequence is a time-transgressive horizon that was not de-
posited as a flat, equipotential surface.

Time progression of the Oligocene transgression does not
affect the structural interpretations because compressional de-
formation started during the Early Miocene and became pro-
gressively accentuated during the Pliocene and Quaternary.
Original paleodepths variations are more important, because
in the investigated area a large shelf domain (depth of 50—
200 m) was transitional to a basinal domain centred in the
Paparoa and Murchison troughs (cf. Fig. 3.21 in Nathan
et al., 1986 and Fig. 3a).

Structural contours at the base of the Oligocene sequence
(Fig. 3b and c) have been interpolated by: (i) plotting the ele-
vation of the outcropping base of the Nile Group mapped in
the Nelson and Greymouth 1:250,000 digital maps (Ratten-
bury et al., 1998; Nathan et al., 2002); (ii) extrapolating the
base of the Oligocene above and below surface, using pub-
lished cross-sections (Rattenbury et al., 1998; King and
Thrasher, 1996) and a series of new, closely spaced cross-
sections; and, (iii) incorporating public domain subsurface
data (Janssen, 1963; Flandin, 1967; Petroleum Corporation
of New Zealand, 1984; Nathan et al., 1986; Bishop, 1992a;
Lihou, 1993; Bishop and Buchanan, 1995; King and Thrasher,
1996; New Zealand Oil and Gas, 1997).

Contours were originally compiled at vertical intervals of
100 m, but for clarity they have been redrawn at 500 m con-
tour interval in Fig. 3b and c.

Elevations are given relative to present sea level. However,
deposition of the Oligocene sequence occurred during impor-
tant sea level fluctuations between 34 and 29 Ma. There is no
general consensus on eustatic curves for the Oligocene, but re-
cent recalibrations (e.g. Hardenbol et al., 1998) indicate a sea
level 200 m higher than today from 33 to 29 Ma, a consistent
sea level fall (—30 m) at nearly 29 Ma and a sea level
60 £ 10 m higher than present from 27 to 25 Ma.
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Fig. 3. (a) Paleogeographic reconstruction of the platform and basinal facies of the Oligocene carbonate sequence at time of deposition. (b) Structural contour map
of the base of the Oligocene carbonate sequence for the southern part of the study area (regional location in inset). (c) Structural contour map of the base of the
Oligocene carbonate sequence for the northern part of the study area. (Murchison basin (M) lies in the overlap region between the two maps; regional location in
inset). Offshore data from King and Thrasher (1996).
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3.2. Deformation of the base of the Oligocene sequence

Fig. 3b and c show the finite elevation of the Oligocene
marker that results from shortening by folding and faulting
since the Early Miocene. Some caution must be applied
when considering the absolute elevations, because: (1) the
original depositional surface was located at different depths
(from 50 to 200 m bsl in the shelf areas to <500 m bsl in
the basinal areas, Fig. 3a); (2) no eustatic correction has
been applied; and (3) the rate and polarity of vertical move-
ments have not necessarily been steady since deposition of
the Oligocene marker. Thus, the structural contours of the
base of the Oligocene cannot be directly transposed into slip
rates.

The base of the Oligocene sequence is deformed with dom-
inant N—S to NNE—SSW trends imparted by sets of folds,
truncated on their limbs and cores by subparallel reverse faults
(Fig. 3b and c). Axial traces of individual folds generally
maintain continuity for up to 30—50 km. Adjacent fold pairs
are often interconnected by steep flanks, eventually indicative
of flexural shearing above buried faults (e.g. eastern flank of
the Grey Valley syncline, Fig. 3b). The geometry of folds is
consistent with concentric to chevron structures mapped in
the field (see also Lihou, 1993), and moderate to steeply dip-
ping axial surfaces. The anticlinal cores are uplifted blocks of
denudated basement or inverted Cretaceous—Eocene basins
(Bishop and Buchanan, 1995). Paleodepths of the Oligocene
deposits in what are now the Paparoa and Lower Buller in-
verted basins were <500 m. Thus, present elevations of up
to 2000—3000 m (Fig. 3b) give a minimum estimate of the fi-
nite uplift. The down-warped areas have the geometry of syn-
sedimentary synclines (e.g. Grey Valley, Murchison, Fig. 3b
and Karamea, Fig. 3a) that host the depocentres of the Mio-
cene siliciclastic basins. All these basins were progressively
shortened during Plio—Quaternary times as shown, for exam-
ple, by the subsurface anticlines that deform thick Miocene se-
quences in the southern Grey Valley syncline (Moana Fault,
Fig. 3b) and in the Murchison Basin (footwall of the Matiri
and Tutaki Faults, Fig. 3b and c).

4. Faults that offset the base of the Oligocene sequence

The faults that offset the base of the Oligocene sequence
are mapped in Fig. 4a. Fault orientation is almost exclusively
N—S to NNE—SSW, with a peak for fault segments oriented at
20—50° to the Alpine Fault (Fig. 3b). Length of individual
fault segments ranges from a few kilometres to up to 70—
80 km, but segments are interconnected in defining structural
alignments continuous for over 100 km.

The dip of individual faults has been assessed from maps and
outcrops and—in only a few cases—from seismic lines (Bishop
and Buchanan, 1995). Faults have accordingly been grouped in
two broad classes of ‘“‘moderate” and “‘steep” dips
(30° < dip < 60° and dip > 60°, see Fig. 3c). Truncation and
offset of the Oligocene marker constrains reverse throws of
2000—3000 m along interconnected fault sets (Wakamarama—
Kohaihai—Glasgow—Lower Buller, Inangahua—Maimai—Grey

Valley, Pikikiruna—Maunga) and of 1500—2000 m along indi-
vidual faults (Lyell, White Creek, Hohonu). Offshore, reverse
throws >2000 m occur along fault planes steeply dipping east
(Kahurangi—Kongahu and Cape Foulwind). Some fault
segments (e.g. Inangahua and Maimai, southern end of the
Lyell fault) are interconnected by steep planes of layer-
parallel flexural slip that accommodate several hundred metres
of vertical slip. This mechanism has been recognised in other re-
gions of the Grey Valley syncline (Nicol and Nathan, 2001).
Strong gradients in the structural contours of the Oligocene
marker (Fig. 3b) possibly define blind, buried structures (e.g.
east flank of the anticline in the hanging wall of the Inangahua
Fault, Fig. 3c).

Previous work (e.g. Wellman, 1949; Ravens, 1990; Lihou,
1993; Bishop and Buchanan, 1995; Kamp et al., 1996; Ratten-
bury et al., 1998) has documented that the Kahurangi—Kon-
gahu, Cape Foulwind, Wakamarama, Maunga, Matiri, and
Grey Valley faults are all high-angle inverted normal faults
inherited from the Late Cretaceous—Paleocene extensional
phases, that have been reactivated with uplift and anticlinal
folding of synextensional sedimentary basins in their hanging
wall. Seismic lines published in Bishop (1992a) and Bishop
and Buchanan (1995) show that in some cases compressional
inversion occurred with simple reversal of motion on the same
plane of the early normal fault (e.g. Cape Foulwind and Waka-
marama Faults). In contrast, some field localities analysed in
this study (localities a, b, ¢ in Fig. 4) demonstrate that simple
reactivation of the inherited normal fault did not always occur
(Figs. 5 and 6). Unfortunately, the whole area offers few op-
portunities for detailed structural investigations, because of
poor exposure and dense forest cover. In the case of the Piki-
kiruna Fault, outcrop and subsurface information help in con-
straining a complex geometry of fault reactivation (Fig. 5).
Offshore seismic lines (Thrasher, 1989) show the anticlinal
basement uplift east of the fault, but simple inversion of the
pre-existing, NW-dipping normal fault is not feasible (see
also King and Thrasher, 1996), because the synextensional Eo-
cene coal measures, the Oligocene limestones and the syncom-
pressional Miocene sequence remain downthrown in the fault
hanging wall (Fig. 5a). At outcrop scale, the NW-dipping,
high-angle planes of the Pikikiruna fault system display sets
of oblique striations superposed onto normal striations
(Fig. 5b), and are cross-cut by metre-scale, SE-dipping, re-
verse faults. An interpretation that integrates surface geology,
small scale deformations, and subsurface geometry of thrust-
ing in the Takaka Valley (see Ravens, 1990; Bishop and Bu-
chanan, 1995) is shown in the cross-section of Fig. 5c,
where the inherited, NW-dipping Pikikiruna normal fault is in-
terpreted as truncated by a series of new, E-dipping reverse
faults.

Truncation of the earlier, basin-bounding normal faults
within the Eocene Buller coal basin can be inferred also
from the regional setting in the Stockton coal mine (see
Bishop, 1992b). In this area (locality b in Fig. 4), folded
Eocene coal measures are overthrust by Paleozoic granites
(Karamea Batolith) in the hanging wall of the W-dipping
Mt. Frederick Fault on the west, and of the E-dipping
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Fig. 5. (a) Geological map (see locality a in Fig. 4a, for regional location), that shows the distribution of the folded and faulted Tertiary sequence in the hanging
wall of the high angle Pikikiruna Fault. A set of E-dipping reverse faults identified in the seismic line 101 (Ravens, 1990) is traced north, based on repetition of the
Tertiary units. Geology modified from Rattenbury et al. (1998). (b) Small scale structures (lower hemisphere stereographic projection of planes and striations on
Schmidt diagram) that indicate the reactivation of dip-slip planes parallel to the Pikikiruna Fault with oblique striations and the cross-cutting of shallow-dipping
reverse faults. (c) Cross-section that shows the interpretation of an inherited high-angle Pikikiruna normal fault cross-cut and truncated by E-dipping, low-angle

reverse faults.

Mt. William Fault on the east (Fig. 6a and b). Both faults dip
away from the surviving portion of the coal basin, truncate syn-
depositional NE—SW trending normal faults and NW—SE left-
lateral faults within the coal measures (Bishop, 1992b),
and—in the case of the Mt. Frederick fault—dip <30°. These
elements suggest that the early normal faults were not success-
fully reactivated and were truncated by later, new-formed
thrust faults. In other cases (e.g. White Creek Fault, locality
c in Figs. 4a and 6¢), partitioning of compressional deformation
can be identified at outcrop scale, with reverse reactivation
of the high angle, inherited normal fault, accompanied by

shortening of the footwall through folding, and propagation
of new sets of low-angle, conjugate reverse faults.

5. Amount of shortening

Finite shortening of the base of the Oligocene sequence
consequent on folding and reverse faulting has been esti-
mated by length restoration along a series of regional tran-
sects (Fig. 7). These transects show differential shortening
between adjacent areas, but give only a rough estimate of ab-
solute shortening because the relatively stiff Oligocene
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(lower hemisphere stereographic projection of planes and striations on Schmidt diagram) and bedding-parallel reverse slip. The main fault also shows evidence

of reactivation, with reverse striations on a coarse cemented breccia.

limestones overlie highly incompetent Eocene coal measures
that may be largely detached above the basement. Fig. 7
shows that shortening is not homogeneously or systematically
distributed, and varies significantly along individual transects
as well. Shortening >20% is estimated for many transects
(1, 2, 4, 5, 6, 7) and the largest values (up to 40%) occur
at the eastern ends of transects 4 and 5. Variations could
partly be ascribed to lack of detail in the reconstruction of
the marker (e.g. central part of transect 2 and all areas close
to the Alpine Fault), and to poor resolution on the geometry
of faulting at depth, especially if blind thrusts are present.
However, large variations in shortening also characterise
transects 1, 4, 5, 6, 7, 8, 9, based on higher resolution subsur-
face information (Janssen, 1963; Petroleum Corporation of
New Zealand, 1984; Crundwell, 1990; Ravens, 1990; Bishop,
1992a; Bishop and Buchanan, 1995; Thrasher et al., 1995;
New Zealand Oil and Gas, 1997). The estimates shown in
Fig. 7 capture differences based on retrodeforming large
scale folds and faults along the transects. Significant compo-
nents of shortening could be added by pervasive deformation
(e.g. pressure—solution cleavage), or by large scale layer-
parallel detachments. However no systematic correlation is
apparent between the distribution of lithological units and
the shortening estimates.

The structural style reconstructed for the areas of most in-
tense shortening is shown in the cross-section of Fig. 8. The
section takes advantage of detailed surface geology (New Zea-
land Geological Survey, 1978, 1984, 1990), but data used for
depicting geometry of deformation at depth are of inhomoge-
neous quality. The offshore western part of the section is based
on the interpretation of the seismic line EZF-34 (Western Geo-
physical for ESSO, 1969), published in Bishop and Buchanan
(1995). Fault geometry in the area between the Inangahua and
Lyell Faults is partially based on the coseismic deformations
of the 1968 Inangahua earthquake (Anderson et al., 1994).
In the Murchison Basin interpretation uses part of the seismic
line MB-01 (Petroleum Corporation of New Zealand, 1984),
and the logs of the Murchison-1 (1925—1927), Blackwater-1
(1958) Bounty-1 (1970) and Matiri-1 (1985) wells (see Crund-
well, 1990). All the Petroleum Reports on the seismic surveys
and boreholes used for the cross-section are in the public do-
main (stored at Crown Minerals, Wellington, http://
www.crownminerals.govt.nz).

The key elements highlighted by this section are:

(1) The existence of inverted, steep faults (e.g. Cape Foulwind
Fault) that control the growth of structural highs active
during sedimentation of the Plio—Pleistocene sequence.
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(2) The decapitation of earlier steep normal faults by 30—45°
dipping thrust faults (e.g. Matiri Fault in the Murchison
Basin, Inangahua Fault) that are inferred to propagate
into the basement and—as low angle detachments—
within the sedimentary cover. The overthrusting of base-
ment blocks along low-angle thrusts is accommodated in
the cover sequence by drape folding, with localisation
of syncompressional basins infilled by thick Miocene—
Pliocene clastic sequences. This geometry is partly based
on the seismic line MB-01 in the Murchison basin, that
shows well layered, subhorizontal reflectors (Eocene

and Oligocene sequence?) between 1.3 and 2s TWT,
overlain by a poorly reflective upper sequence that corre-
lates with the granitic basement (Karamea batholith) in
the footwall of the inverted Maunga Fault (see Crundwell,
1990).

(3) The double vergence imparted by reactivated normal faults
and cross-cutting thrust faults, with strong shortening and
tectonic uplift in a central, largely denudated area, that
separates two Miocene—Pliocene syntectonic troughs
that were actively subsiding during the phases of compres-
sional inversion.
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6. Discussion

In the NW of the South Island, increasing convergence be-
tween the Australian and Pacific plates and accumulation of
right-lateral, transpressive slip on the Alpine Fault started in
the Early Miocene. The base of the Oligocene carbonate se-
quence, deformed by sets of N—S to NNE—SSW folds with
subvertical axial surfaces and reverse faults dipping both
east and west (Figs. 3 and 4a) is used here to define the style
and amount of progressive shortening of the cover sequence
overlying the crystalline basement of the Australian crust. At
present, the base of the Oligocene sequence has a structural re-
lief of £3 km relative to the original depositional surface
(Fig. 3b and c). Structural highs are areas of net uplift and ero-
sion, whereas structural lows host several thousand metres of
Miocene—Pliocene syncompressional clastic sequences that
were progressively shortened during the Pliocene and Quater-
nary. Truncation of fold limbs and steep gradients of the base
of the Oligocene sequence occur along interconnected fault
systems up to 100 km long (Fig. 4a) that separate domains
with contrasting vertical mobility. The mapped geometry of
faults, field observations and available seismic lines are indic-
ative of sets of steep (dip >60°) and moderate-dipping
(30° < dip < 60°) faults (Fig. 4a and c). Although the subsur-
face geometry of faults remains largely speculative (Fig. 8),
a number of geological and seismic data help to constrain
the structural style:

(1) The amount of shortening calculated along many transects
is >20% and reaches a maximum of 40% in the Murchi-
son Basin (Fig. 7). These values are much higher than
the average values previously assessed by Bishop and Bu-
chanan (1995) for the West Coast region (3—4%), but a lo-
cal shortening of up to 50% was derived by Lihou (1993)
from restoration of the folds in the Murchison Basin. Hor-
izontal shortening calculated from retrodeformation of the
regional sections in Fig. 7 critically depends on the geom-
etry of folding, on the dip angles of the reverse faults, and
on the presence of low-angle thrust faults. The N—S to
NNE—SSW faults that are documented to be inherited nor-
mal faults reactivated with reverse slip (Fig. 4a) display
high-angle dips (45—60°). Most of these faults cause
2—5 km of horizontal shortening, and each of them con-
tributes on average <7% to the total shortening of individ-
ual transects. Flexural slip folding contributes on average
<10% (with peaks up to 20%) to the total shortening
of each transect. Thrusting on low-angle (20—45°)
planes with horizontal shortening of the Oligocene
sequence up to 10 km has been inferred for the Murchison
Basin, based on the seismic line MBO1 (Fig. 8), and this
builds up the total shortening along transects 4 and 5 to
the estimated 40%.

(2) Evidence for high-angle strike slip faulting is rare. At re-
gional scale, only the NE—SW Karamea and Skeet faults
(Fig. 4) show consistent right-lateral displacements of
the order of 5—7 km (cf. Rattenbury et al., 1998). Conju-
gate fault sets with NW—SE orientation and left-lateral

mechanisms are locally present, but do not appear to be re-
gionally significant (Fig. 4b). Some field observations sug-
gests that the high angle NW—SE faults are inherited
normal faults that underwent left-lateral and oblique reac-
tivation during the compressional episodes (e.g. small
scale faults associated with the Pikikiruna Fault in
Fig. 5b, and sets of sets of NW—SE left-lateral strike
slip faults in the footwall of the Mt. Frederick thrust
in Fig. 6).

(3) Atregional scale, the compressional inversion of pre-exist-
ing normal faults is made evident by the net separation
between uplifted extensional basins (Late Cretaceous—
Eocene) in the hanging wall and syncompressional Mioce-
ne—Pliocene siliciclastic basins in the footwall (Fig. 7). In
contrast, persistent subsidence of earlier extensional basins
during the Miocene and Pliocene (e.g. Murchison and
Takaka Valley basins) is incompatible with reverse reacti-
vation on the same plane of pre-existing normal faults (e.g.
Pikikiruna, Maunga, and Matiri Faults).

(4) The area of most intense shortening (Fig. 7) contains the
Holocene active fault traces of the Inangahua, Maimai
and White Creek Faults. Crustal earthquakes with M > 4
since 1962 (Anderson et al., 1993; Doser et al., 1999) de-
fine a belt of concentrated activity south of latitude
—41°.5, between the coast and the White Creek Fault
(Fig. 9). Focal depths range from 8 to 15 km. Unfortu-
nately, poor earthquake locations makes it impossible to
identify individual seismic faults, and to detect any sys-
tematic westward deepening of focal depths, as predicted
by the structural interpretation in Fig. 8. Focal mecha-
nisms (e.g. Anderson et al., 1993; Doser et al., 1999;
Reyners et al., 1997; Leitner et al., 2001) show dominant
reverse slip on N—S to NNE—SSW trending faults dipping
30—60°, with seismic slip vectors of the largest earth-
quakes trending on average 260—300°. This trend lies
close to the 270—295° range of trajectories of maximum
horizontal compression (Fig. 7) reconstructed from struc-
tural data (Nicol and Wise, 1992; Pettinga and Wise,
1994) and focal mechanisms (Balfour et al., 2005). Elastic
dislocation of the 1929 Buller earthquake has been mod-
elled with a 45° E-dipping thrust (Haines, 1991 in Doser
et al., 1999). Coseismic deformation of the 1968 Inanga-
hua earthquake is fitted by a 45° W-dipping, blind thrust
fault rather than reactivation of the steeply dipping Inanga-
hua and Lyell faults at the surface (Anderson et al., 1994,
see also Fig. 8).

A crude interpretation of the structural relationships is
given in Fig. 10. The reconstruction of the Late Creta-
ceous—Paleocene extensional basins (Fig. 10a) is largely un-
determined. The double vergence of the compressional
structures is typical of many inverted extensional architectures
(e.g. Lowell, 1995), and has been reproduced in a number of
experimental models, starting from grabens, half-grabens
and domino blocks geometry (McClay, 1995; Yamada and
McClay, 2004). In the experiments, propagation of cross-
cutting “‘backthrusts” is observed for increasing amounts of
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compressional quadrants in black) after Anderson et al. (1993) and Doser et al. (1999).

contraction, and can be localised by buttressing of a pre-exist-
ing flat-ramp geometry within the extensional system (cf.
Fig. 10a). However, in the experiments the basement is de-
formed by only one episode of extension before inversion.
In contrast, the basement of this study area has been deformed
by a sequence of Paleozoic and Jurassic—Early Cretaceous
compressional events, and strong structural and mechanical
heterogeneities are imparted by terrane sutures and Paleozoic
to Mesozoic magmatic intrusions. Thus, localisation of “new”
reverse faults may result from a number of inherited configu-
rations, not uniquely related to the Late Cretaceous—Eocene
extensional geometry.

The interpretation suggested in Fig. 10b envisages that ac-
tive deformation and seismicity are ultimately controlled by
moderate-dipping, blind thrust faults that decapitate earlier
normal faults. Portions of high-angle normal faults detached
in the hanging wall of the cross-cutting thrusts bound rigid
basement buttresses that induce steep flexuring of the folded
cover sequence. Drape folding above overthrusted basement
buttresses (cf. Chester et al., 1988) is accommodated by
layer-parallel shears and sub-horizontal detachments. These
structures appear to coexist with high-angle inverted faults re-
activated with reverse and transpressive motion, and, together,
they impart the double vergence to the east and west. The

sand-box model of Buchanan (1991) reproduces many charac-
ters depicted in Fig. 10, but Bishop and Buchanan (1995) did
not recognise in the West Coast of New Zealand the existence
of cross-cutting footwall shortcuts that propagate through the
basement and decapitate earlier normal faults, as envisaged
here. The preponderance of steep and moderate dips in the
fault data set and the general lack of low-angle thrusts (dip
<30°) could result from many of the active reverse faults be-
ing composite staircase structures (Fig. 10c) incorporating
segments of old, steep normal faults as well as segments of
new, lower angle thrusts (cf. the bimodal dip distribution for
reverse fault ruptures recognised by Sibson and Xie, 1998).
A major unresolved problem concerns the relationships be-
tween active thrusting in the investigated area and the Alpine
Fault. The motion between the Australian and Pacific plates in
the South Island, with slip rates of 35.5 + 1.5 mm year ' par-
allel to the Alpine Fault and 10 + 1.5 mm year™ ' perpendicular
to it (Fig. 2) has been partly accommodated in the last 5 Ma by
transpression on segments of the Alpine fault dipping c. 45° east
(Sibson et al., 1979; Norris and Cooper, 1995, 2000), with an es-
timated 25% of plate-parallel displacement being accommo-
dated away from the fault (Norris and Cooper, 2000). The
amount of plate-perpendicular displacement partitioned among
other fault systems remains so far unspecified. According to
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Norris and Cooper (2000), part of it is accommodated in the
regions east of the Alpine Fault. However, our data show the
intense shortening in the footwall of the Alpine Fault (Fig. 7),
in the same area where the structure bends and loses displace-
ment (cf. Anderson et al., 1993). This setting suggests that com-
ponents of plate perpendicular shortening that are not
accommodated on the fault itself are also transferred to footwall
shortcut thrusts and backthrusts in the Australian plate.

7. Conclusions
The footwall region of the Alpine Fault in the NW of the

South Island is a domain of intense crustal shortening. Conver-
gence has been consistently accommodated over the last 7 Ma

by folding and reverse faulting in a network of interconnected
N—S to NNE—SSW structures. Reverse faults possess both
high angle and low-to-moderate dips and are seismically ac-
tive in the present compressional stress regime with mecha-
nisms of almost pure reverse slip. Some of the major
structures are steep inverted normal faults, inherited from
Late Cretaceous—Paleocene extensional phases and some are
moderate-dipping thrusts that remain blind and control steep
flexuring of the cover sequences. Total finite shortening across
the area is too large to be accommodated only by reverse
reactivation of the steep faults that are badly oriented in the
contemporary stress field and requires slip on low to moder-
ate-dipping thrusts that cross-cut the steep faults, as inferred
from field data and seismic profiles. Better subsurface
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information will be critical for full analysis of geometrical and
timing relationships between reverse faults with different dips.
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