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Abstract--The Marlborough fault system is a zone of dextral transpression in continental crust, and marks the 
southern end of the Hikurangi subduction system between the obliquely convergent Australian and Pacific plates. 
Detailed mapping over an area of 100 km 2 has revealed a complex history of deformation during the last 25 Ma. 
The development of a thrust belt in the Miocene, referred to as D t deformation, was synchronous with the 
deposition of a thick submarine fan complex. The beginning of Dt deformation may mark the initiation of the 
subduction zone in this part of the plate-boundary zone. Subsequently, in the Plio-Pleistocene, the region formed 
a zone of dextral shear, marked by major strike-slip faults and zones of distributed deformation, referred to as D2 
deformation. Crustal blocks, less than 5 km across, may have rotated ca 60* clockwise about vertical axes relative 
to the Pacific plate in the last 4 Ma. The pattern of deformation during the last 10 Ka to 100 years is consistent 
with the long-term D_, deformation, and suggests that large crustal blocks resting on the subducted Pacific plate 
have rotated clockwise about vertical axes relative to the Pacific plate, accommodated by dextral shear further to 
the SW in the Marlborough fault system. The overall effect of the deformation has been the rotation of the edge 
of the southern part of the Hikurangi margin from a W to NW trend in the early Miocene to a NE trend today. 

INTRODUCTION 

MANY active and convergent plate-boundary zones have 
a significant component of relative plate motion parallel 
to the length of the plate-boundary zone (Woodcock 
1986). Distributed deformation within the plate- 
boundary zone, which accommodates the relative plate 
motion, will be rotational with a component of 
horizontal simple shear. However, recognizing this in 
fossil orogenic belts is a major problem in structural 
geology. 

greater than the normal component. The instantaneous 
rotation pole and rate of Chase (1978) are used in this 
study. 

The kinematics and structural evolution of the 
Marlborough fault system are of general significance for 
the understanding of rotational deformation in con- 
tinental crust. This paper describes in detail the last 
25 Ma of deformation in part of the Marlborough fault 
system, and then discusses more regional aspects of the 
deformation. Emphasis is placed on the pattern of hori- 
zontal deformation in the brittle crust. 

New Zealand plate-boundary zone 

The New Zealand plate-boundary zone between the 
Pacific and Australian plates provides a good oppor- 
tunity to study rotational deformation with a large com- 
ponent of horizontal simple shear (Fig. 1). The 
instantaneous and long-term (>3 Ma) plate motions, as 
well as the short-term (>100 Ka) deformation styles and 
rates are well studied. In the northern part of the New 
Zealand plate-boundary zone, the Pacific plate is being 
obliquely subducted beneath the Australian plate along 
the Hikurangi margin (Fig. la). Further south, the 
plate-boundary zone passes through continental crust, 
forming a wide transform fault zone, referred to as the 
Marlborough fault system, and trends 055*-075 ° (Fig. lb 
& c). Here, the component of instantaneous relative 
plate motion parallel to the plate-boundary zone is 

MARLBOROUGH FAULT SYSTEM 

The Marlborough fault system comprises five major 
faults (Wairau, Awatere, Clarence, Kekerengu and 
Hope faults, Lensen 1962) (Fig. lc) which extend for 
over 100 km and are spaced 5-20 km apart, defining 
fault blocks such as the Wairau block (region between 
the Wairau and Awatere faults) and Awatere block. A 
distributed zone of folding and faulting occurs south of 
the Hope fault (Fig. lb). During the last 10 Ka, the slip 
vectors of the major faults indicate predominantly 
dextral strike-slip motion with average strike-slip rates 
between 4 and 15 mm a -1 (Berryman 1979, Kieckhefer 
1979, Wellman 1983, Grapes & Wellman 1986) and total 
strike-slip displacements on individual faults between 5 
and 50 km (Lensen 1962, this study). 
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Fig. 1. (a) Regional setting of New Zealand plate-boundary zone between the obliquely convergent Australian and Pacific 
plates, showing areas of continental crust (stippled). Box with diagonal shading shows region shown in (b), (b) General 
tectonic map of the New Zealand plate-boundary zone in the northern part of the South Island, New Zealand (modified 
from Lensen 1962, New Zealand Geological Survey 1972, Lewis 1985). Cross-section AA' shown in (d). Large arrow shows 

t relative plate convergence vector (50 mm a- ). (c) Map of the Marlborough fault system, showing the division into the 
northern and southern Marlborough domains, based on the change in trend of the major faults. This coincides with the 
southern limit of the underlying seismically active subducted Pacific plate. (d) Cross-section (Robinson 1986) along line AA' 
in (b), showing the location of the subducted slab at a depth of 20--30 kin, the major faults andthe pattern of uptift deduced 

from a summit height surface with a nominal age of 250 Ka (discussed in text). 

Two domains within the Marlborough fault system are 
distinguished in this study, based on a distinct change in 
the trend of the major faults (Fig. lc).  In the northern 
Marlborough domain the faults trend ca 055", compared 
with ca 070 ° in the southern Marlborough domain. The 
latter trend within 20 ° of the instantaneous vector of 
relative plate motion (Chase 1978). The seismically 
active subducted Pacific plate underlies the northern 
Marlborough domain (Figs. lb--d) and its southern edge 
approximately coincides with the boundary between the 
two domains (Walcott 1979, Ansell & Adams 1986). 

Study area 

About  100 km 2 of complexly deformed Cretaceous 
and Tert iary sediments have been mapped in detail in 
the region between the northern end of  the active ENE- 
trending Hope  fault and the active NE-trending 
Kekerengu fault, near the boundary between the 
northern and southern Marlborough domains (Fig. 2). 
The stratigraphy is summarized in Fig. 3, with ages 
based on microfossil dating (Lensen 1962, Prebble 1976, 
Osborne 1980, this study). An essentially parallel 
sequence of deep water and marine Upper  Cretaceous 
to Pliocene sediments including limestone, referred to as 

cover rocks, rest with marked angular unconformity on 
older deformed and indurated Mesozoic flysch deposits, 
referred to as basement (Fig. 3). A thick sequence of 
Miocene conglomerates and turbidites, referred to as 
the Great  Marlborough Conglomerate,  contains angular 
and rounded clasts of all older lithologies. 

Structure 

The pattern of deformation can be used to divide the 
study area into nine structural domains, labelled A- I  
(Fig. 5). Several generations of deformation structures 
have been recognized in the study area, which are 
labelled in a sequential manner: foliafions ($1-$2); fold 
phases (F1-F4); fault generations (TI-T3). These can be 
readily grouped into two deformation phases; an early 
deformation,  which occurred in the Miocene, labelled 
D1; a later Plio-Pleistocene deformation,  which is also 
active today, labelled D2. 

EARLY DEFORMATION (Dr) 

D~ deformation comprises S~, F1, T~ structures, which 
are mainly observed in limestones. The S~ foliation is 
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Fig. 2. (a) Map of the major structures between the Awatere and Hope faults. Note both the change in trend of the major 
faults and folded thrusts. The study area forms the region to the SE of the Kekerengu fault. (b) Geological map of the study 

a r e a .  See Fig. 3 for key to stratigraphic units. Cross-sections are shown in Fig. 4. 

found in limestones throughout the study area, including 
those which form part of parallel sequences resting 
unconformably on Mesozoic basement, and occurs as 
stylolitic seams at a low angle (up to 20*) to bedding and 
associated with calcite veins. In places, this foliation 
pre-dates the Middle Miocene Great Marlborough Con- 
glomerate, as the orientation of the foliation in limestone 
clasts is not consistent, and the foliation is truncated at 
clast margins. Lower Tertiary limestone units are some- 
times internally folded into m-scale tight to isoclinal 
steeply plunging Ft folds, which contain a weak axial 
planar foliation. 

Structural repetition (T1) 

Upper Cretaceous to Middle Miocene stratigraphic 
sequences are often repeated along contacts (TL) which 

are subparallel to the lithological layering (Figs. 2b and 
4). Thrust faults in Domain A are generally at a low 
angle to bedding and cut up through the stratigraphic 
section towards the E or SE with a fiat and ramp 
geometry with displacements of several km (cross- 
section AA'A" in Fig. 4) (Prebble 1976). The thrust 
planes are clearly folded by a major D2 anticline (F2 
Kekerengu anticline). In Domain F, a sequence from 
Lower Tertiary limestone to Middle Miocene Great 
Marlborough Conglomerate, up to 1 km thick, occurs 
three times (cross-section CC' in Fig. 4). Repeated 
sequences can be traced along strike for more than 5 km 
and are folded by the F2 Kekerengu syncline. 

The localized occurrence of limestone-breccia con- 
glomerates in the Great Marlborough Conglomerate 
immediately below and adjacent to km-scale alloch- 
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Fig. 3. Informal stratigraphy of the study area. The definition o f  Amuri Limestone differs from that of other workers 
(Browne & Field 1985) and includes intercalated Oligocene volcanics (rare in the study area) and limestone above a possible 
Oligocene diseonforrnity (Browne & Field I985). In the study area, a conformable transition is observed between Lower 
Tertiary limestones and Lower Miocene siltstones and mudstones, referred to as the Waima Siltstones. The latter are 
conformable and interfinger with Miocene Great Marlborough Conglomerate, which passes up into Pliocene mudstones 

and siltstones. However, the presence of Upper Miocene strata has not been proved in the study area. 

thonous limestone units, and also the lack of shearing in 
the underlying Great  Marlborough Conglomerate 
(localities 1-3 in Figs. 6 and 7a), suggest that the 
alioehthonous sequences form synsedimentary high- 
level thrust sheets. These may have slid locally along the 
sediment-water  interface, with the development of 
screes which were subsequently overridden. 

Regional deformation 

The Great  Marlborough Conglomerate and Waima 
Siltstones (Fig. 3) were deposited in a near-shelf sub- 
marine fan complex (Lewis & Laird 1981) and form a 
markedly different sedimentary facies to that of the 
limestone in the underlying Lower Tertiary sequences. 
This change may mark the onset of D1 deformation at 
20--25 Ma. The submarine fan sequences are situated 
near the boundary between the two Marlborough 
domains. The Great  Marlborough Conglomerate is 
poorly developed to the northeast of the study area, and 
also south of  the Hope  fault. However ,  a fault-bound 
sliver is found in the Awatere  fault zone (Lensen 1962), 
suggesting that Great  Marlborough Conglomerate was 
deposited in the Awatere  block. Thus, the presence of 
DI structures in clasts within the Great  Marlborough 
Conglomerate,  as well as the deposition of the con- 
glomerate itself, suggests considerable deformation and 
uplift elsewhere during and prior to the Middle Miocene. 
probably in the regions which are presently further west 
(Wairau block), while sedimentation continued in the 
Awatere  block and the study area (Fig. 9). Evidence for 

D~ deformation is also found immediately south of the 
study area, where an S~ foliation is found in Upper  
Oligocene limestones at Kaikoura, near the northern 
end of the Hope  fault. However,  D~ deformation fabrics 
have not been re ported from the southern Marlborough 
domain. 

At  the northern ends of the Wairau and Awatere 
blocks, a gently dipping and conformable sequence of 
Upper Miocene to Pliocene sediments (Kennett  1966) 
rests with angular unconformity on Mesozoic basement 
(Figs. lb  and 9). Thus, deformation,  uplift and erosion 
in the Awatere and Wairau blocks may have occurred 
between the Middle and late Miocene (ca 15-10 Ma). In 
addition, low-angle thrust faults in the study area. such 
as the ramp and flat thrusts in Domain A (Prebbte 1976), 
developed prior to the Ptio-Pteistocene D2 deformation. 

LATE DEFORMATION (D2) 

D2 comprises deformation which distorts D1 struc- 
tures, and is active today. Locally, several generations of 
D2 structures are recognized ($2, F2-Fa, T.,-T3), which 
deform Pliocene strata to the same extent as Miocene 
strata and therefore formed in the last 4 Ma. A measure 
of the nature and intensity of D, deformation in the 
study area is given by a histogram of bedding dips (Fig. 
10), regardless of strike, which has a mode of  ca 85 °, 
mean of ca 70 ° and a standard deviation of 34 °. About  
20% of measured strata are overturned.  



Rotational deformation in New Zealand 477 

A, 

.+. 
F2 KEKERENGU ANTICUNE 

CLARENCE FAULT / / y _ ~- . .  ~1~ " ~ KEKERENGU FAULT 
® . , . .-~,.:~.~ .<.~.~ • ® 

. . . .  .... . ,  

A A  A ~ See Level 

HEAVERS _ - - - - - 
CREEK FAULT 

BB' ~ ~ : , ~  ~ see Level 

1 krn f "  

K E K E R E N G U / '  SYNCUNE . / 

FAULT , ,  ~ ~ / 

CC' .: ,. i .. ~ ..:;' 
- -  ~ ~ee LeVel 

/ ill, 

/ /  i::', .,,,::i :::~' 

KEKERENGU ,/ F2 'PUHI-PUHI 
FAULT / SYNCLINE F2 dl, PATUTU ANTICLINE 

®/® . , . . . . . . . . . .  oo' 
" "  i ~ t  . I it~,!;-%:-..:s.::...-:..:..;'.::;:;.L.~ Sea Lev,~ 

I ~: .~<!?! !~. . . ; . " : : : ' : ' : " ' :~ : ' ; ' .1 . : : ' . : - : ' : / ; ' : " : : : : :< 
/ ~.~i:-...,-.:--::..:.--.~--.'.:-.:~'.:....::.." . . . . . .  

Fig. 4. Cross-sections through the study area. See Fig. 2(b) for location, and Fig. 3 for key to stratigraphic units. Part of 
cross-section AA'A' ,  between A and A',  is modified from Prebble (1976). 
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F2 folds have wavelengths on km- to cm-scales and 
deform both Sz and TI structures and Pliocene strata. 
Cross-section CC' in Fig. 4 suggests that F2 has accom- 
modated at least 2 km of shortening across the study 
area. Kilometre-scale F2 folds have axial traces which 
are markedly oblique to the Kekerengu and Clarence 
faults. Metre- to era-scale folds, with the appropriate 
asymmetry, occur within limestone in the hinge regions 
of major F2 folds. These fold the St stylolitic foliation 
and also calcite veins, but are associated with an axial 
planar $2 pressure solution cleavage, which transects $1 
seams and can be locally traced from limestone clasts 
into the mudstone matrix of the Great Marlborough 
Conglomerate. 

Domains A, B and I form N-NE-trending and plung- 
ing (up to 30*) anticlines, referred to as the Kekerengu 
and Patutu anticlines, defined by the orientation of the 
cover sequences with a core of Mesozoic basement 

(Figs. 2, 4 and 5). Domains D, E and F form a faulted 
steeply plunging and tight km-scale NNE-NE-trending 
syncline (Kekerengu syncline, Figs. 2 and 5; cross-sec- 
tions BB' and CC' in Fig. 4). The plunge of the fold 
progressively decreases from ca 60* in Domain F to ca 
20* in Domain D (Fig. 5). The axial plane in Domains F 
and E dips ca 60* NW. Subsidiary tight to open NNE- 
plunging (20-30 °) synclines and anticlines within 
Domain D have wavelengths of the order of 200 m. 

Later folding (F 3 and F4) 

F3 folds distort F2 fold axes. On a regional-scale this 
appears as a marked swing in trend of the F 2 axial trace 
from a northerly trend in Domain I and part of G to a 
NNE-NW-trend in Domains F, E, D and A (Figs. 5 and 
12). Stereographic plots of poles to bedding from 
Domains D and G are spread out along small circles near 
the perimeter of the stereogram (Fig. 5), suggesting that 
F3 folds are a result of rotation about subvertical axes. 
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R o t a t i o n a l  d e f o r m a t i o n  in N e w  Z e a l a n d  

Fig. 7. (a) View of vertical exposure (locality 1 in Fig. 6) of contact zone between aUochthonous Lower Tertiary limestone 
(zone C in picture) and underlying Middle Miocene pebbly mudstone (zone A in picture). A 1-2 m wide zone of intercalated 
limestone breccia and mudstone layers (zone B in picture), with isolated undeformed sandstone pebbles (up to 10 cm 
across), occurs immediately below the c a  100 m thick limestone unit. Note tens of cm offsets on T 3 faults. (b) View of 
horizontal exposure of small-scale dextral strike-slip T2 faults which offset clasts in the Great Marlborough Conglomerate 

(locality 10 in Fig. 12), 
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Fig. 8. (a) Indurated and fractured sandstone pebble in Great Marlborough Conglomerate. Note the two sets of fractures 
(locality 10 in Fig. 12). (b) Marine terraces near the mouth of the Clarence river (locality 6 in Fig. 12). The lower region 
(labelled 1), at the foot of the cliffs, is the result of Holocene marine erosion and deposition, consisting of a series of raised 
beaches and alluvial fans. The higher surface (labelled 2), at the top of the cliffs, is underlain by up to 30 m of mainly marine 
and poorly consolidated sediments, referred to as the Parikawa formation and assumed to have been deposited between 60 

and 125 Kab.p.  
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Fig. 9. Diagram illustrating the deformational and sedimentary his- 
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Open m- to tens of m-scale F4 folds have subhorizontal 
axial planes and fold steeply dipping units, showing up as 
a variation in tilt with altitude. These folds may be a 
result of superficial gravitational collapse. 
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Fig. 11. Rose diagram of trends of km-scale steeply dipping faults, 
plotted as cumulative length with a 10" azimuth window. Cumulative 

length is proportional to area of rose diagram. 

least 20 km and trending ca 050*, separating Mesozoic 
basement from cover sequences. Further north, where 
cover rocks outcrop on both sides, its strike swings 
round to ca 065 °. It has a clear topographic expression 
suggesting that it is a reverse fault dipping steeply (>60*) 
to the NW. The Heavers Creek fault runs essentially 
parallel to the Kekerengu fault, and also has a good 
topographic expression suggesting a subvertical fault, 
upthrown on the SE side. The Kekerengu and Heavers 
Creek faults both offset a distinctive and subvertical 
Upper Cretaceous to Miocene sequence, each with a few 
km of dextral strike-slip displacement (Figs. 2b and 12). 

F2 structures and Pliocene strata in the study area are 
offset by km-scale subvertical faults. A rose diagram of 
the trends of these faults (Fig. 11) suggests a trimodal 
pattern: set (1) trending c a  050*; set (2) trending c a  350*; 
set (3) trending c a  290*. The cumulative lengths of sets 
(1) and (2) faults are similar, though set (2) faults have 
shorter individual lengths. Set (3) faults (for instance 
locality 4 in Fig. 12) form the boundaries between 
Domains D, E, F and G. The fault sets define blocks less 
than 5 km across, suggesting distributed deformation 
across the study area. Sets (1) and (2) faults are clearly 
conjugate as each deforms the other. 

Dextral strike-slip offsets have been recorded on a 
number of set (1) faults. The Kekerengu fault (Figs. 2b 
and 12) has a remarkably straight trace extending for at 
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Fig. 12. Structural map of the study area showing major fault and fold 
trends, and localities (numbers in circles) mentioned in text. Note the 
sinistral side-steps or jogs of the Kekerengu and Heavers Creek faults 
(localities 1 and 2). At locality 3, an originally NW-trending sinistral 
fault appears to have been truncated and locally rotated into paral- 
lelism with a NE-trending dextral fault. A prominent and steeply 
dipping Cretaceous stratigraphic unit is displaced several km across 
the major faults. This unit is folded into a km-scale steeply plunging 
Z-shaped fold structure between the Kekerengu and Heavers Creek 
faults at locality 5. Palaeomagnetic sample site is also shown. Thin 
dashed lines show the approximate limits of intense dextral shear, 

defining a shear zone which is modelled (see text). 
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Sinistral strike-slip offsets have been recorded on a 
number of set (2) faults (for instance localities 1-3 and 9 
in Fig. 12). The offset of a subvertical Lower Tertiary 
stratigraphic sequence across a N-NW-trending fault 
(locality 9 in Fig. 12) suggests 1-2 km of sinistrai strike- 
slip movement. This fault is active as it has a pronounced 
topographic fault scarp with a marked difference in the 
height of Holocene river terraces either side of the fault. 

/ 
/ 

//f 
Small scale faults (T2) 

Metre- to cm-scale subvertical faults are ubiquitous 
and mirror the pattern of the km-scale T2 faults (Fig. 7b). 
In addition, indurated sandstone pebbles in the Great 
Marlborough Conglomerate, within a few hundred 
metres of the major faults, are commonly fractured (Fig. 
8a). This fracturing may have occurred simultaneously 
with the earthquake rupture of the adjacent km-scale 
fault, perhaps accommodating internal deformation in 
the hangingwall or associated with folding, The total 
finite deformation as a consequence of micro-fracturing 
may be significant, resulting in a shear strain up to 10 -I. 

Late faults (T3) 

Conjugate reverse faults commonly offset subverti- 
cally dipping strata up to several metres, resulting in 
subvertical extension and subhorizontaI shortening (Fig. 
7a). These faults may represent a late stage of shortening 
when folds were sufficiently tightened that further fold- 
ing could not accommodate much shortening. 
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Fig. 13. Mapof fault bound blocksin Domains F, G, H and t, defined 
by abrupt changes in the dip and strike of the Great Marlborough 
Conglomerate. Note that most strata dip subvertically. Location 

shown by shaded region on small map. 

Distributed deformation 

Bedding planes near major 7"2 faults show a marked 
rotation into parallelism with the generally subvertical 
fault plane. In addition, Upper Cretaceous-Lower 
Tertiary shales, flint beds and limestone, between the 
dextral strike-slip Kekerengu and Heavers Creek faults, 
form a km-scale steeply plunging Z-shaped fold 
structure which has an asymmetry consistent with an 
horizontal dextral shear couple across Domain C 
(locality 5 in Fig. 12). The flint beds are thickened in the 
hinge zones and, along with the shale, are extremely 
thinned on the limb adjacent to the Kekerengu fault, so 
that the same unit may vary in thickness from ca 10 to 
500 m. Thus, the mode dip of ca 85* (mean ca 70*) for 
bedding data from the whole study area (Fig. 10), and 
also F3 folding, may be a consequence of distributed 
deformation closely associated with faulting. 

Domains I and G do not contain a fold structure 
comparable to the NE-plunging F2 syncline and anticline 
in Domains F and G (Figs. 2 and 5). The strike and dip 
of beds often changes abruptly, defining a number of 
fault bound blocks less than 5 km across (Fig. 13), which 
may have accommodated the F2 folding observed further 
north. 

TECTONIC ROTATION 

Early to Middle Miocene (ca 18 Ma) sandstones and 
siltstones in Domain E dip at ca 55 ° NW and form part of 
a N-NE-plunging (30--60 °) synclinal fold structure (Fig. 
5). Palaeomagnetic sampling here, after thermal clean- 
ing, has revealed a stable and reversely polarized mag- 
netic field which is considered to represent the Earth's 
field at the time of formation of these rocks (Figs. 2b, 5 
and 12, Mumme & Walcott I985). Mumme & Walcott 
(t985) showed that the mean declination of the direction 
of magnetization, after rotation about the strike of the 
bedding, bringing the beds to the horizontal, suggested 
a clockwise rotation of 99 + 12 ° about a vertical axis 
relative to True North. Unfortunately, because of the 
plunge of the fold structure and the tilt of the fold axial 
plane, it is not possible to determine an unambiguous 
rotation of these rocks about a vertical axis. However, 
corrections taking into account the fold plunge increase 
the apparent clockwise rotation about a vertical axis 
obtained by Mumme & Walcott (1985) and suggest that 
the mean clockwise rotation could be as large as 110.. 
The rotation of the Pacific plate in the New Zealand 
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region, relative to True North, has been negligible in the 
last 80 Ma (Wright & Walcott 1986). Therefore, the 
palaeomagnetically sampled rocks in Domain E have 
rotated at least 87 ° (at the 95% confidence level) 
clockwise about a vertical axis relative to the Pacific 
plate in the last 18 Ma. 

Some of this rotation may record the 30-40* clockwise 
swing in trend of F2 fold axes in the last 4 Ma, described 
as F3 folding, consistent with distributed dextral shear 
across the study area. 

SHORT-TERM DEFORMATION 

In a coastal region which is undergoing uniform 
tectonic uplift, only marine benches cut during the 
highest still stands of sea level are likely to be preserved 
(Mesolella et al. 1969). Thus, as has been found in 
Barbados (Mesolella et al. 1969), New Guinea (Chappell 
1974) and New Zealand (Ghani 1978) coastal benches, 
covered by marine deposits, were cut during particular 
periods, such as between 0 and 6.5 Ka, 30 and 50 Ka, 60 
and 125 Ka, corresponding to eustatic sea level maxima. 

Three prominent and successive coastal terrace levels 
occur in the study area. The lowest is at the foot of the 
coastal cliffs, where the highest beach ridge is assumed 
to have formed 6.5 Ka b.p. (Fig. 8b, Wellman 1979). 
Above the Holocene terraces, at the mouth of the 
Kekerengu River (locality 11 in Fig. 12), tens of metres 
of gravels with abundant limestone fragments, referred 
to as the Winterholme Formation (Suggate et al. 1978), 
rest on a subhorizontal bedrock surface ca 35 m above 
sea level, which is assumed to have been cut between 30 
and 50 Ka (Chappell 1974). At higher levels, a distinct 
sequence of mainly marine and poorly consolidated 
gravels, sands and silts, referred to by Suggate et al. 
(1978) as the Parikawa Formation (Fig. 8b, locality 6 in 
Fig. 12), can be traced along the top of the coastal cliffs 
to the northeast of the Clarence River. These are 
assumed to be resting on a marine bench cut between 60 
and 125 Ka (Ghani 1978). The heights of these surfaces 
above sea level (Table 1), taking into account eustatic 
sea level changes (Chappell 1974), suggest uplift rates 

between 0.8 and 2.5 mm a -1. McFadgen (1987) has 
deduced a Holocene uplift rate of 1.5 mm a -l, based on 
~4C dates, for the Kaikoura Peninsula south of the study 
area. Wellman (personal communication) has deduced 
a Holocene uplift rate of 1.8 mm a -~ at the mouth of the 
Clarence River, based on ages inferred from the degree 
of weathering of pebbles. 

Wellman (1948, 1979) and Ghani (1974, 1978) noted a 
marked summit height accordance in the southern part 
of the North Island and also the Marlborough region. 
Changes in the summit heights coincide with major 
active fold and fault structures in both the southern part 
of the North Island and the Marlborough region 
(Wellman 1948, 1979, Ghani 1974, 1978, Kieckhefer 
1979, Lamb & Vella 1987, this study). In the southern 
part of the North Island, Ghani (1978) showed that there 
was a good correlation between the altitude of the 
summit heights and the uplift rates for the last ca 100 Ka. 
Thus, the summit heights were considered to represent 
the remains of a wave-cut surface, with a nominal age of 
250 Ka (Wellman 1979). This age provides a powerful 
means of deducing uplift rates away from the coast (Fig. 
14). It is possible that the summits heights did not in fact 
form an originally planar surface of the same age, but are 
the remains of a region of low relief that was close to sea 
level between 200 and 300 Ka. If the original relief did 
not exceed 250 m, then the maximum uplift rates con- 
toured in Fig. 14 will not be in error by more than 
3 mm a -1, and lower uplift rates will be in error by less 
than this. 

Figure 14 suggests that most of the study area, 
averaged over 250 Ka, forms a region uplifting between 
1 and 2 mm a -1, consistent with the uplift rates deduced 
for the last 100 Ka, surrounded by rapidly uplifting 
Mesozoic basement. 

Tilting 

The variation in uplift rate indicates a regional plunge 
(6* Ma -1) towards the NE and roughly parallel to the 
trend of F2 axial traces. This is consistent with the NE 
plunge of F2 folds, and suggests that the plunge of the 
Kekerengu anticline (ca 25*) could have been achieved 
in 4 Ma. Tilting associated with the rotation of F2 limbs 

Table 1. Uplift data for study area 

Height* Sea level? Age~: Uplift rate 
Feature Location Latitude/longitude (m) (m) (Ka) (ram a -1) 

Highest Holocene beach Mouth of the Clarence 42"09'S/173"56'E - 15 - -  6.5 -2 .3  
ridge River 

Highest Holocene beach Mouth of the Kekerengu 42"00'S/174"00'E ~5 - -  6.5 40.8 
ridge River 

Base of Winterholme Mouthofthe Kekerengu 42"00'S/174"00'E 35 - 2 5 t o - 4 0  30-50 1.2-2.5 
Formation River 

Base of Parikawa Mouth of the Clarence 42"09'S/173°55'E 130 0 to -20  60-125 1.0-2.5 
Formation River 

* Height above present day mean sea level. 
? Sea level at the time of formation of marine terrace, relative to present day mean sea level, taken from Chappell (1974). 

Ages are based on a marine terrace sequence and a correlation with eustatic sea level maxima (see text). 
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Fig. 14. Map of the northern Marlborough domain and part of the southern Marlborough domain, showing the major faults 
and contours of estimated uplift rate in mm a -~. Uplift rates are deduced from the altitude of a distinct summit height 
surface, which is assumed to have been close to sea level 250 Ka ago. Other estimates (solid squares) of uplift rates arealso 
shown (Table 1), and are consistent with those deduced from the summit heights. Note the change in uplift pattern and fault 

trend across the boundary of the seismically active subducted slab. 

Table 2. Fault slip data for the study area 

Fault plane Displacement 
Feature Location Latitude/longitude Strike Dip Strike-slip* Verticalt Age Reference 

(°) (°) (m) (m) (Ka) 

Kekerengu Fault 

Winterhoime SWbankofKekerengu 41°98'S/173"99'E 065 60-90 NW 300 D 30-50?. Prebble1976 
Formation River, 3.5 km from 

fiver mouth 

River terraces next SW bank of Kekerengu 065 60-90 NW 1 (NW) ~7§ This study 
to the Kekerengu River, 3.5 km from 
River river mouth 

SWbankofKekerengu 065 60-90 NW 27 D ~4§ Thisstudy 
River, 3.5 km from 
fiver mouth 

SW bank of Kekerengu 065 60-90 NW 4 D 0.3 (NW) < 10 Wellman 1983 
River, 3.5 km 
from river mouth 

Hearers Creek Fault 

ParikawaFormation NEsideofHeavers 42°00'S/173°59'E 055 90 25 D 6 (SE) 100t Thisstudy 
Creek, 2 km from 
fiver mouth 

* D = dextral strike-slip displacement. 
t Upthrown side down shown in brackets. 
~+ Estimated age based on sequence of uplifted marine terraces (see text). 
§ Calculated assuming downcutting rate of the Kekerengu River on the SE side of Kekerengu Fault is the same as the uplift rate on the same 

side of the fault, estimated at 1 mm a-tl 
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cannot be resolved. However, the mean stratal dip is ca 
70 °, which suggests an average tilt rate for the last 4 Ma 
of ca 18 ° Ma -l,  comparable to that for the Hikurangi 
margin in the southern part of the North Island (ca 
15-20 ° Ma -1, Lamb & Vella 1987). 

Fault  slip rates in the s tudy area 

been deposited between 60 and 120 Ka. It follows that 
the average vertical displacement rate on the Heavers 
Creek fault is ca 0.06 mm a -t and the average dextral 
strike-slip rate is ca 0.25 mm a-l(Table 2). The 
estimated slip rate on the Kekerengu fault is significantly 
faster than that on the Heavers Creek fault, and their 
estimated combined strike-slip rate is ca 7.5 mm a -t. 

The margins of the region of relatively low topography 
in the study area (<500 m a.s.l.) coincide with major 
faults. The offsets of terraces, cut by the faults, can be 
used to deduce slip rates on the faults, if the ages of the 
terraces are known (Table 2). The Kekerengu fault 
offsets a series of river terraces adjacent to the 
Kekerengu River, each by different amounts (locality 7 
in Fig. 12, Table 2). If one makes the simplest assump- 
tion that the downcutting rate of the river equals the 
uplift rate, deduced from uplifted marine terraces to be 
ca 1 mm a -1 for the downthrown side of the Kekerengu 
fault at this locality, then these offsets (Table 2) suggest 
an average Holocene dextral strike-slip rate of ca 7 
mm a -1, and a vertical slip rate of 0.15 mm a -t (Table 
2). A ca 300 m dextral strike-slip offset of the Win- 
terholme Formation (Table 2) (Prebble 1976), taken to 
be 30-50 Ka old using uplifted marine terrace 
chronology, suggests an average dextral strike-slip rate 
over this period between 5 and 10 mm a-:. 

The Heaven Creek fault offsets a surface (locality 8 in 
Fig. 12, Table 2) underlain by the Parikawa Formation 
(Lensen 1962, Suggate et al. 1978), assumed to have 

Geodet ic  de format ion  

Triangulation surveys were carried out in the study 
area in both 1882 and 1896. Stations established in these 
surveys were reoccupied in 1983. A comparison of the 
different surveys, using the method of simultaneous 
reduction (Bibby 1981) and assuming no slip on the 
faults, has shown that tectonic deformation has occurred 
since the early surveys. The derived shear strain rates for 
various networks within the study area are shown in 
Table 3 and Fig. 15. The azimuth of the principal axis of 
horizontal compression in the study area (networks 2--4) 
is remarkably constant at ca 110 ° . The azimuth is more 
southeasterly in networks 1 and 5 (Table 3, Fig. 15). 
Maximum shear strain rates are between 0.2 x 10 -6 and 
0.6 x 10 -6  a -1 .  

SHEAR ZONE MODEL 

Part of the study area during D 2 deformation can be 
modelled as a straight and parallel-sided zone of dis- 

I I : 4 - G  

Table 3. Geodetic  strain rate data for networks in the study area (see Fig. 15 for location 
of networks) 

Network T* 2It  J'2* I'§ ~ 0II 

1 101 - 0 . 1 0  + 0.10 0.37 __. 0.11 0.38 ± 0.11 127 + 8 
2 87 - 0 . 4 3  __. 0.08 0.33 ± 0.10 0.54 _ 0.09 109 ± 5 
3 87 - 0 . 4 7  ± 0.08 0.36 ± 0.08 0.59 ± 0.08 109 + 4 
4 87 - 0 . 1 8  _ 0.07 0.14 + 0.06 0.23 + 0.07 109 + 8 

2--4 101 - 0 . 3 2  + 0.05 0.30 ± 0.05 0.44 ± 0.05 112 ± 3 
5 93 0.02 4- 0.11 0.32 ± 0.11 0.32 4- 0.11 137 4- 10 

* Time in years between triangulation surveys. 

tau 0v - - -  componen t  of  shear  strain ra te  (10 -6 rads a - t )  with s tandard error. 
ax ~y 

¢. au + av componen t  of  shear  strain rate (10- rads a - l )  with s tandard error,  
Oy ax 

x = positive to the east (090*) 
y = positive to the north (000") 
u = componen t  of  velocity along x axis 
v = componen t  of  velocity along y axis. 

For a rotation of  axes by 0 (antieiockwise positive) 

~'i = i" cos (2~0 + 2o) 
~ := - 1 ~ sin (2t/, + 20). 

§ M ax i mum shear  strain rate (10-6fads a - l )  with s tandard error, 

t" = (~ + ~)~. 
llAzimuth from True  North  of  principal axis of  compression with s tandard error,  in 

degrees,  
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Fig. 15. Map of study area and adjacent regions showing location of 
the triangulation networks (networks 1-5), which were analysed for 
horizontal crustal strain over the last ca 100 years. The trend of the 
principal axis of compression (thick bars) and the maximum shear 
strain rates (in units of 10 -6 a- l) are also shown (Table 3). Dashed lines 
are inferred local directions of principal axes of compression, based on 
an interpretation of the local style of deformation, suggesting pre- 
dominantly NW-SE compression in the SE near the Hikurangi thrust 
front, similar to the direction of the relative compressive axis in 
network 5. Local kinemati~ may be complicated, and hence strain in 
triangulation networks (for example in network 1) represents an 

average. 

tributed deformation trending 050 °, subparallel to the 
Kekerengu fault (Fig. 12). Taking horizontal axes x, y 
parallel and perpendicular to the deforming zone. 
respectively (z axis vertical), the components of velocity 
of the deforming medium are u, v and w parallel to thex, 
y and z axes, respectively (Fig. 16). It is possible to 
compare the various components of long- and short-term 
deformation (Table 4) if the deforming medium is 
incompressible, velocity gradients are constant and zero 
along the length of the deforming zone. The latter 
assumption is necessary because the geodetic data have 
neither distance measurements nor an external frame of 
reference. The components of geodetic strain rate 
(Table 4) suggest rotational deformation with roughly 
equal components of dextral simple shear and normal 
compression. The relative velocity across the study area 
trends ca 085 °, subparallel to the plate convergence 
vector. 

Long-term velocity gradients 

The geodetic dextral simple shear component  across 
20 km, which may represent elastic strain in the brittle 
crust, has a displacement rate equivalent to the esti- 
mated combined dextral strike-slip rate on the 
Kekerengu and Heavers Creek faults (ca 7.5 mm a-l).  

GEODETIC PERMANENT 

MOVING 

FIXED 

MOVING 

u 2 Ma 

: : : : i  & 

,, i ZONE 
0 Ma 1 Me 2 Ma FIXED 

Fig. 16. Definition of parameters used in shear zone model. Geodetic 
velocity gradients, spread across 20 kin, can account for the simple 
shear component of deformation in the shear zone with width D 
(ornamented region). Thus, the average Ou/dy velocity gradient of 
permanent deformation in the shear zone may be 2-4 (20/D) times the 
geodetic velocity gradient. It is assumed that the shortening velocity 
gradient of permanent deformation in the shear zone is the same as the 
geodetic one. Also shown are the horizontal finite strain ellipses that 
would result from deformation over 1 or 2 Ma with either constant 
geodetic velocity gradients (shown outside stippled shear zone) or 
estimated average constanrvelocity gradients of permanent deforma- 
tion in the shear zone, taking D = 7.5 km. Black bar shows the 
rotation about a vertical axis of a marker line, initially trending north, 
painted on a equidimensional rigidcrustal block floating in the zone of 

deformation. 

The distribution of D, deformation suggests that though 
dextral shear has been  concentrated on the two faults 
over at least the last 50 Ka. it has been distributed across 
a shear zone. 5-1Okm wide. over several hundred Ka 
(Figs. 12 and 16). About  half of the estimated total 
dextral shear across the shear zone hasbeen taken up on 
the two faults. Therefore  the average long-term Ott/Oy 
velocity gradient, which has resulted in permanent 
deformation in the shear zone (including slip on the 
faults) may be 2--4 times the geodetic Ou/Oy velocity 
gradient (Table 4. Fig. 16); while the part that does not 
include slip on the faults may be up to twice the geodetic 
Ou/Oy velocity gradient. The shortening velocity gradient 
(dv/Oy) of permanent  deformation is assumed to be the 
same as that determined from geodetic studies (Table 4. 
Fig. 16). 

Floating block model 

The rotation rate about vertical axes of small (<5 km 
across) isolated crustal blocks can be calculated from the 
results of Lamb (1987), if the estimated velocity 
gradients of permanent  deformation,  excluding slip on 
the Kekerengu and Heavers Creek faults, describe the 
velocity field of an underlying and continuously deform- 
ing viscous medium on which the crustal blocks are 
floating (McKenzie & Jackson 1983). Small equidimen- 
sional crustal blocks in the shear zone would have 
rotated clockwise at a rate equal to half the vorticity of 
the velocity field (W/2 = 0.50u/Oy),  between I0 and 
21 ° Ma -t (Table 4), although markedly elongate blocks 
could have had instantaneous rotation rates as high as 
45 ° Ma -~. The average rotation rate will be closer to 
W/2. The inferred local rotation of 30--40 ° during D, 
deformation could have been achieved in much less than 
4 Ma. 



Rotational deformation in New Zealand 

Table 4. Components of strain rate in shear zone model 

487 

Velocity¶ 
D[[ Strike-slip Shortening 

~'t* ~,zt Wt, W12$ T§ (kin) (ram a -t) (mm a -t) 

Azimuth of 
relative 
velocity 
vector** 

Geodetic (100 a) 
Average of networks 

2--4 in Fig. 15 

Permanent (100s Ka) 

0.25 0.37 0.37 0.19 0.13 5-10 1.9-3.7 1.3-2.5 

0.25 0.75 0.75 (0.37) 0.37 (0.19) 0.13 10 7.5 2.5 
0.25 1.00 1.00 (0.50) 0.50 (0.25) 0.13 7.5 7.5 1.9 
0.25 1.50 1.50 (0.75) 0.75 (0.37) 0.13 5 7.5 1.3 

085* 

0 6 8  ° 

064* 
O6O* 

OV * ~'t -- - "@" (units of 10 -6 rads a-l). 

Ou (units of 10 -6 rads a-t). 

~t W = ~ -  (units of 10 -6 rads a-l). Rates in brackets exclude slip on the Kekerengu and Heavers Creek faults. 
oy 

§ T = - 1 0_..v_v (unitsofl0_6radsa_t)" 
2 0 y  

II D is the width of the shear zone (in y direction). 
¶ Components of relative velocity of the margins of the shear zone. 
** Azimuth of relative velocity vector across shear zone. 
Reference frame: x positive trending 050*; y positive trending 320 °. 
u = component of velocity along x axis; v -- component of velocity along y axis; both positive in x or y direction. 

Crustal thickening 

The relationship between uplift rates and deformation 
depends on the erosion rate and degree of isostatic 
compensation. If the athenosphere adjusts instantane- 
ously to the lithospheric load and mass is only changed 
by erosion, then: 

k U  = 2 T H  + (k  - 1)E, (1) 

where U is the uplift rate, T = 0.50wlOz = - 0.50vlOy, 
H is the crustal thickness, E is the erosion rate (volume/ 
unit area/unit time) and k is a constant, varying between 
1 and 6, depending on the degree of isostatic compensa- 
tion. 

The relative proportion of rock volume above sea 
level, compared with the volume beneath the summit 
height surface, suggests that E I U i s  in the range 0.25-0.5 
over the last 250 Ka. Using the geodetic data for T 
(Table 4), and taking an average uplift rate for the study 
area of 1.5 mm a -I and a crustal thickness of 20 km 
(Fig. ld) (Robinson 1986), this suggests nearly full 
isostatic compensation of the crust, with k between 4 and 
6. It may be more reasonable to consider an average 
uplift rate over a width comparable to the thickness of 
the crust (ca 20 km). In this case, the average uplift rate 
is ca 3 mm a -1 (Fig. 14) and k is ca 2, similar to that for 
crust resting on the subducted slab in the southern part 
of the North Island, in an equivalent position to the 
study area (Lamb & Vella 1987). Thus, the flexural 
rigidity of the subducted slab may prevent full isostatic 
compensation. 

Finite strain 

Estimates can be made of the horizontal finite strain, 
if it is assumed that the displacements on the major D 2 

faults are equivalent to slip on several sets of parallel 
faults, oriented parallel to the mean trends of the three 
fault sets defined in the study area (Fig. 11). However, 
the rigid-body rotational component of deformation 
cannot be determined easily without palaeomagnetic 
data. Field observations suggest that sets (1) and (3) 
faults have dextral strike-slip components of displace- 
ment, and set (2) faults have sinistral strike-slip com- 
ponents of displacement. In addition, the thrust motions 
on set (1) faults are greater than on set (2) faults, and 
negligible on set (3) faults. 

If strike-slip displacement moments (displacement x 
fault strike-length) on sets (1) and (2) faults are similar, 
and negligible on set (3) faults, then the principal com- 
pressive axis of the average horizontal finite strain 
ellipse, as a consequence of strike-slip faulting, trends 
110 ° (bisector of sets (1) and (2) trends). If displacements 
on sets (2) and (3) faults are negligible, then an estimated 
10 km dextral shear across ca 7.5 km implies that the 
compressive axis trends 112 °, and the ratio of the princi- 
pal dimensions of the horizontal finite strain ellipse is 
3.5. F 2 folding implies a shortening direction of 110 ° + 
20 °, and thrust motions imply a shortening direction of 
ca 130 ° . Thus, the azimuth of the principal compressive 
axis and the ratio of the principal dimensions of the 
average horizontal finite strain ellipse lie within the 
stippled region on the graph in Fig. 17. Figure 17 also 
shows the variation with time, for 1 Ma increments, of 
both the aspect ratio of the horizontal finite strain ellipse 
and azimuth of the principal compressive axis, calculated 
using a range of constant velocity gradients of permanent 
deformation (Table 4, McKenzie & Jackson 1983). 
These suggest that the estimated finite deformation, as a 
consequence of D2 deformation, could have been 
achieved in much less than 4 Ma. 
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Fig. 17. Graph showing the variation in the aspect ratio of the 
horizontal strain ellipse and the azimuth of the principal horizontal 
compressive axis for 1 Ma time increments, marked by solid squares, 
and a range of constant velocity gradients. The azimuth is calculated 
from the shear zone model, discussed in the text, and approaches the 
asymptote (normal to trend of shear zone margin) after infinite 
deformation. The #v/Oy velocity gradient is the same in all cases 
(0.25 x 10 -6 a-t). The Ou/Oy velocity gradient is ringed (units of 
10 -6 a- t). The stippled region shows the estimated field of the azimuth 
of the compressive axis and the axial ratio for the average horizontal 
D 2 strain in the study area. This suggests that all the observed D: 

deformation could have occurred in much less than 4 Ma. 

REGIONAL D2 DEFORMATION 

Translation kinematics 

The dextral strike-slip rates on the major faults in the 
Marlborough domains vary between 4 and 15 mm a -1 
(Berryman 1979, Kieckhefer 1979, Wellman 1983, 
Grapes & Wellman 1986). The summit heights are 
markedly higher on the NW side of the major NW- 
dipping faults in the northern Marlborough domain, 
suggesting a significant component of thrusting, though 
heights also vary along the length of the faults (Fig. 14. 
Kieckhefer 1979, Wellman 1983). The major ENE- 
trending fault planes in the southern Marlborough 
domain are subvertical and the uplift pattern suggests 
that, except for the Hope fault, the faults have a small 
vertical throw (Fig. 14) (Berryman 1979, Kieckhefer 
1979, Wellman 1979, 1983). Fault-plane solutions from 
the southern Marlborough domain (Scholz et al. 1973, 
Arabasz & Robinson 1976) are dominantly strike-slip, 
with a mean slip vector trending ca 080* and subparallel 
to the major faults (Wellman 1983). All this suggests the 
transfer of motion from ENE-trending predominantly 
strike-slip faults in the southern Marlborough domain to 
ca NE-trending strike-slip faults with a significant com- 
ponent of thrusting in the northern Marlborough domain 
(Fig. 18a). 

The increase in the summit heights towards the NE in 
the northern Marlborough domain, along the length of 
the Awatere and Clarence faults (Fig. 14), assuming the 
dips of the fault planes are constant, suggests an increase 
in the thrusting component towards the NE. This could 
be the result of a progressive swing in the trend of the 
faults from ENE in the southern Marlborough domain 
to NE in the northern Marlborough domain, with the 

KINEMATICS UPLIFT PATTERN 

(a) 
Upgft Contours 

(b) S !  
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Fig. 18. Cartoons illustrating hypothetical relations between uplift 
and fault kinematics, if the uplift pattern reflects shortening across 
faults. Diagrams represent map views of faults with variable trends~ 
The left-hand diagrams illustrate the relative motion of two fault 
blocks (ornamented with cross pattern), while the right-hand diagrams 
illustrate hypothetical uplift patterns, shown as contours of increasing 
uplift (ticks on down-hill side): (a) a sharp change in fault trend; (b) 
progressive change in trend; (c) two progressive changes in trend; (d) 
progressive change in trend and rotation of fault block at one end. 
Compare these with the uplift pattern in the Marlborough domains, 

shown in Fig. 14. 

greatest angular difference in trend coinciding with the 
region of maximum uplift (Figs. 14 and 18b). The 
decrease in differential uplift further NE may be a 
consequence of deformation between the major faults, 
resulting in tectonic rotation of fault blocks (Fig. 18d, 
see further on) and shortening elsewhere. 

The region at the southwestern end of the Kekerengu 
fault, where it joins the Hope fault (Lensen 1962), is 
topographically high and may be being uplifted at rates 
as high as I0 mm a -t (Fig. 14) (Wellman 1979). The 
strike-slip rate on the eastern end of the Hope fault is 
significantly less than further west (van Dissen 1987). 
Thus, a large proportion of the motion on the Hope fault 
is probably being transferred to the Kekerengu fault, 
accommodated by shortening and rapid uplift in an 
intervening transfer zone (Fig. 18c). Wellman (1983) has 
documented a north trending active thrust fault in this 
region. Domains H and I may form the easternmargin of 
the transfer zone, where ESE-shortening is occurring on 
N-NNE-trending folds and faults. 

Rotation kinematics 

Lamb (1988) has used the geodetic and fault slip data 
in the northern part of the South Island (Berryman 1979, 
Kieckhefer 1979, Bibby 1981, Wellman 1983, Walcott 
1984a) to estimate the velocities of the regions between 
the major faults relative to the Pacific plate (Fig. 19). 
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Fig. 19. Arrows represent estimates of the horizontal instantaneous 
velocities of the crust in the Marlborough fault system, relative to the 
Pacific plate. Large arrows show the velocities of the Australian plate 
relative to the Pacific plate, calculated from the instantaneous rotation 
pole and rate of Chase (1978). Other velocities were estimated from an 
integration of the available geodetic measurements and fault slip data 
(Lamb 1988). Velocity pattern suggests that large crustal blocks in the 
northern Marlborough domain are rotating clockwise at 8.5 ° -+ 5.5* 
Ma -1 about poles located about 100 km south of the region. Heavy 
dashed line marks the southern edge of the underlying and seismically 

active subducted slab (SAS). 

The velocities suggest that large elongate crustal blocks 
in the northern Marlborough domain, defined by the 
obvious lack of deformation in a Cretaceous volcanic 
complex and late Miocene cover sequences (Lamb 
1988), are rotating clockwise relative to the Pacific plate 
at 8.5 + 5.5* Ma-~about poles located about 100 km 
south of Kaikoura (Fig. 19). 

Palaeomagnetic measurements in Pliocene sediments 
located north of the study area (Fig. 2a) suggest a 
clockwise rotation about a vertical axis of ca 35* relative 
to True North (Roberts 1986). The gentle dips (<25*) 
and simple stratigraphy (Lensen 1962, Kennett 1966) in 
this region suggest that the rotation applies to a crustal 
block ca 30 x 30 km across between the Awatere and 
Clarence faults, bounded to the south by an E-trending 
thrust zone (King 1934) (Fig. 20a). A cut-out block 
reconstruction shows that a ca 15" clockwise rotation of 
this region, relative to further south (Fig. 20b), would 
require about 8 km of N-S shortening at the eastern end 
of the thrust zone. Mapping in this area (King 1934, 
Melhuish 1988) suggests that the shortening is not larger 
than this. Thus, at least 20* of the observed 35 ° of 
clockwise rotation may be of regional significance, 
representing the clockwise rotation of large elongate 
crustal blocks between the major faults in the northern 
Marlborough domain (Lamb 1988), including the major 
strike-slip faults, consistent with that inferred from the 
short-term deformation (Fig. 20b). 

The estimated 20* of regional rotation during the last 
4 Ma may have occurred in the study area, in addition to 
the local rotation, resulting in 50--60* of clockwise rota- 
tion about a vertical axis relative to the Pacific plate in 
Domain E since the early Pliocene. 

• T 
TODAY 
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Fig. 20. Cut-out reconstruction of part of the northern Marlborough 
domain, based on the model of rotation suggested by the short-term 
velocities (Fig. 19), palaeomagnetism and estimates of the displace- 
ments on the major faults. (b) Postulated reconstruction at c a  4 Ma of 
the box 1 defined in (a). Grid pattern provides a reference for rigid 
body rotation, while blank regions between cut-out blocks represent 
the amount of shortening that has occurred across the major faults. 
Heavy lines in (b) represent block margins which have been recon- 
structed with some confidence. Other boundaries are speculative. A 
clockwise rotation about a vertical axis of c a  35* relative to True North 
in the last 5 Ma (Roberts 1986) has been determined palaeomag- 

netically at the locality marked by a black dot. 

Rotation and translation kinematics 

The full kinematics of the Marlborough domains 
involves translation and rotation. Figure 21 shows a 
possible model where several large elongate crustal 
blocks (blocks A and B) in the northern Marlborough 
domain both rotate clockwise about vertical axes relative 
to the faults in the southern Marlborough domain, and 
also accommodate the dextral shear in the southern 
Marlborough domain. Dextral shear in the southern 
Marlborough domain may occur as both slip on the 
major faults and deformation, with vertical vorticity W', 
between the faults. The latter may involve rotation 
about vertical axes of small crustal blocks, similar to that 
in the McKenzie & Jackson (1983) trellis model (Fig. 
21), with rotation rates equal to W'. Alternatively, small 
crustal blocks may be floating and rotating at rates 
generally less than W' (W'I2 if blocks are equidimen- 
sional), on a continuously deforming and underlying 
lithosphere (McKenzie & Jackson 1983, Lamb 1987). 
The boundary between the two domains is a series of 
hinges about which the major fault blocks in the northern 
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Fig. 21 Diagram illustrating a model for the rotation kinematics of the 
Marlborough domains, suggested by the instantaneous velocity and 
uplift pattern, as well as the palaeomagnetic data. The southern 
Marlborough domain may form a zone of predominantly dextral simple 
shear with a constant orientation, though with possibly internal rotation 
about vertical axes of small crustal blocks. This may be linked to large 
pivoting crustal blocks (blocks A and B) in the northern Marlborough 
domain which are separated by major faults(e.g, between blocks A and 
B). Slip on the major faults in the northern Marlborough domain 
accommodates both the rotation of the large crustalblocks (rotating at a 
rate $ relative to True North). and also the dextral motionsin the south- 
ern Marlborough domain. In the southern Marlborough domain, W is 
the average vertical vorticity vector. W' is the vertical vorticity of defor- 
mation between the major faults and d equals the spacing of the major 
faults. Uf is the slip vector a major fault in the southern Marlborough 
domain. UAa is the velocity of block A relative to block B, and can be 
considered as a combination of Urot as a consequence of the rotation of 
blocks A and B, and Us, which is the velocity ofthe hinge ofbtock A rela- 
tive to the hinge of block B. Thus. assuming no velocity gradients 
parallel to the major faults in the southern Marlborough domain U2 - 
Ul = Uf + W'dlcos 15 = U~ = Wdlcos 15. U~o, = (d$)ls in  (O + a). In the 

Marlborough domains, a is ca 20*. fl is ca 15 °. 0 is ca 45% ~ is ca 35*. 

DEVELOPMENT OF THE 
PLATE-BOUNDARY ZONE 

Ocean floor magnetic anomalies suggest that the 
relative motion between the Pacific and Australian 
plates commenced between 45 and 35 Ma (Stock & 
Molnar 1982), resulting in the subduction of the Pacific 
plate in the northern part of the New Zealand plate- 
boundary zone. Moreover, the structural and sedimen- 
tary history suggests that the position of the plate- 
boundary zone changed with time. 

Changes in the plate margin 

The Chatham Rise on the Pacific plate (Figs. la and 
22c) intersects the southern end of the Hikurangi sub- 
duction zone and marks a passive boundary between 
continental- and oceanic-type crust. A plate reconstruc- 
tion for the Lower Tertiary, at the inception of the 
plate-boundary zone in New Zealand (Stock & Molnar 
1982, Walcott 1987), shows that the Chatham Rise 
approximately lined up with the continental margin on 
the Australian plate, along the NE edge of the Auckland 
Peninsula (Fig. la), with the Hikurangi margin bridging 
the intervening zone. Subsequently, continental crust 
along part of this boundary overrode the subducted 
oceanic-type crust (Fig. 22a). It follows that the southern 
edge of the unfolded subducted slab should mark the 
initial orientation of both the original continental- 
oceanic crust boundary and trench in this part of the 
plate-boundary zone (Walcott 1979). The southern limit 
of the unfolded seismically active subducted slab trends 
NW (Figs. 16 and 22c) (Ansell & Adams 1986), but some 

Marlborough domain rotate. However, the hinges trans- 
late relative to the Pacific plate. The model implies that 
the angle between the major faults in the southern and 
northern Marlborough domains has changed with time. 

The fault slip data (Berryman 1979, Kieckhefer 1979, 
Wellman 1983, Grapes & WeUman 1986) suggest that ca 
70% of the relative plate motion in the northern part of 
the South Island is taken up by slip on the major faults. 
Therefore, the vertical vorticity of deformation (W') 
between the major faults in the southern Marlborough 
domain may be caO.3 times the average vertical vorticity 
(W) in this part of the plate-boundary zone. Taking 
W = 4 x 10 -7 a -1 (50 mm a -t across 120 km), then W' 
equals 1.2 x 10 -7 a - t .  The rotation rate of the large 
crustal blocks (blocks A and B in Fig. 21) in the northern 
Marlborough domain, inferred from palaeomagnetismn 
to be c a  10 -7 rads a -t, is in the range W'/2 to W'. In 
addition, using values for the angles and dimensions in 
Fig, 21 appropriate to the Marlborough domains, the 
model suggests that the dextral strike-slip rate on the 
major faults in the northern Marlborough domain is 
presently ca 0.7 times that on the major faults in the 
southwestern Marlborough domain, which is compatible 
with available slip rate data. 

N 
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Fig. 22. Cartoon maps illustrating the possible structural evolution in 
the Marlborough region. It is suggested that this region has formed a 
hinge at the southern end of the Hikurangi margin as the margin swung 
round from a W-NW trend in the early Miocene to a NE trend today. 
Large arrow shows t h e  relative plate vector for each period. 
Ornamented region represents subductable thin Pacific plate crust. 

which is juxtaposed with continental crust along the Chatham Rise. 



Rotational deformation in New Zealand 491 

of the slab may be aseismic. Plate reconstructions based 
on ocean floor magnetic anomalies (Walcott 1987) 
suggest that the W-trending projection of the northern 
margin of the Chatham Rise was the initial position of 
the trench. In this case, a large triangular region of 
currently aseismic subducted slab underlies the southern 
Marlborough domain. 

A scissor-type subduction, hinged in the Marlborough 
domains, resulted in the margin of the overriding 
Australian plate (Hikurangi margin) swinging round 
from a W to NW trend (Fig. 22a) to the present NE trend 
(Fig. 22c, Walcott 1979, 1984b, 1987). Paleomagnetic 
rotation data provides independent evidence for the 
progressive clockwise rotation of crustal blocks in the 
overriding Australian plate (Walcott etal. 1981, Walcott 
& Mumme 1982, Mumme & Walcott 1985). Thus, the 
structural history in the northern Marlborough domain 
suggests that the hinge initially formed a thrust belt (D1 
deformation) in the Miocene, coeval with the deposition 
of a submarine fan complex (Fig. 22a), and became a 
dextral shear zone (Dz deformation) in the Plio- 
Pleistocene (Figs. 22b & c). 

Miocene deformation (D1) 

The direction of relative plate motion in the 
Marlborough domains in the early Miocene trended ca 
SW (Fig. 22a) (Smith 1981). This trend was at a high 
angle to the inferred initial trend of the plate margin and 
trench (W-NW). The geometry of the D1 thrust complex 
is not well understood. However, D~ thrusts in Domain 
A cut up-section towards the E and SE (cross-section 
A A ' A "  in Fig. 4) (Prebble 1976). Near the Clarence 
fault, they dip steeply and strike parallel to the Clarence 
fault plane, suggesting that part of the Clarence fault 
may be a reactivated and steepened D~ thrust. Further 
north, major D2 structures have a more northerly trend 
and may also have reactivated older D~ structures. Thus, 
a reconstruction of the northern Marlborough domain in 
the early Miocene, taking into account D2 deformation 
and tectonic rotation, suggests a complex zone of NNW- 
and WNW-trending thrusts, at a high angle to the direc- 
tion of relative plate motion at that time (Fig. 22a). 

It is not clear whether the major strike-slip faults in 
southern Marlborough domain were active in the early 
Miocene. At the rates of D2 deformation, the likely 
strike-slip offsets on these faults (Lensen 1962, this 
study) could have been achieved in the last 4 Ma. Rota- 
tion of the Hikurangi margin in the Miocene may there- 
fore have been accommodated by thrusting in the 
northern Marlborough domain, with an increase in the 
shortening across these thrusts towards the W or NW at 
that time. The southern limit of the Great Marlborough 
Conglomerate may have marked the Pacific plate 
boundary (Fig. 22a). 

Plio-Pleistocene deformation (D2)  

Changes in the relative plate motion resulted in a 
substantial compressional component on the Alpine 

fault by the early Pliocene, with the development of the 
Southern Alps (Fig. lb) and the D2 deformation in the 
northern Marlborough domain. A reconstruction at this 
time (Fig. 22b) suggests that a ca 100 km long segment of 
Hikurangi margin in the Marlborough region trended 
approximately north. Dz appears to have initiated as en 
6chelon N- to NE-trending km-scale F2 folds, which may 
have nucleated on pre-existing D t structures. Continued 
folding resulted in the steepening of the DI structures, 
which were reactivated as steep reverse dextral strike- 
slip faults. 

There is no evidence for deformation between the 
Pacific plate and the major dextral faults in the southern 
Marlborough domain which could have accommodated 
significant clockwise rotation (>10 °) about vertical axes 
of these faults relative to the Pacific plate. Indeed, 
several published reconstructions of the Marlborough 
fault system suggest that the faults have rotated ca 15 ° 
anticlockwise (Merzer & Freund 1974, Norris 1979, 
Garfunkel & Ron 1985). Thus, in the Pliocene, an E- to 
ENE-trending dextral shear zone in the southern 
Marlborough domain may have connected with N- to 
NNE-trending thrust faults in the northern Marlborough 
domain (Fig. 22c). Progressive rotation of the plate 
margin involved rotation of the thrust faults in the 
northern Marlborough domain, with an increase in the 
strike-slip component on these faults, bringing them into 
closer alignment with the faults in the southern 
Marlborough domain and also the direction of relative 
plate motion. 

CONCLUSIONS 

This paper has described a complex structural history 
which has accommodated a drastic rotation of the trend 
of the subduction zone between the Australian and 
Pacific plates. The structural history has been derived 
from an analysis of many aspects of the deformation, 
such as geodetic deformation, seismicity, uplift data, 
palaeomagnetic rotations, detailed structural mapping, 
combined with an understanding of the stratigraphy and 
relative plate motions. Deformation commenced in the 
latest Oligocene or early Miocene with the development 
of a thrust belt oriented at a high angle to the vector of 
relative plate motion at that time. Subsequent deforma- 
tion, involving the rotation about vertical and horizontal 
axes of the early thrusts, accommodated a clockwise 
rotation of the trend of the subduction zone. Since the 
Pliocene, deformation has been dominated by dextral 
shear, involving major strike-slip faults and localized 
zones of distributed deformation. The amount and com- 
plexity of deformation, especially during the last 4 Ma, 
serves to emphasize the difficulties in unscrambling 
ancient deformed zones, where the age and plate-tec- 
tonic setting are not well known. 
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