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Fig. 13. Digital elevation model of the northeastern part of Banks Peninsula showing the major faults and the maximum horizontal extension direction
inferred from the fault slip data shown in Figures 4-7. In those cases where the maximum shortening direction is near-horizontal, the shortening direction
has been projected into the horizontal and is also shown. It should be noted that both the maximum extension and the shortening directions have been

projected into the horizontal (S, and Sy ..

) and therefore do not coincide with the strain axes shown in Figures 4-7. Also shown is our interpretation

of the kinematics of the major faults along which the data have been collected. The envisaged releasing bend model for the formation of Lyttelton
Harbour is indicated by the large white arrows. The east—west-oriented depocentre is interpreted as a result of a complex dextral releasing bend structure

between the NNE-SSW-striking dextral strike-slip to oblique-slip faults.

hard or impossible to show that they were reactivating older struc-
tures as most of them are blind structures or cut through late
Pleistocene gravels that had not previously been deformed. Here
we provide some tentative arguments on possible reactivation
based mainly on geometric grounds.

The east-west-striking Greendale Fault formed right above a
late Cretaceous normal fault in the subsurface that has been robustly
inferred from the gravity data. This late Cretaceous fault is proba-
bly dipping at about 60° to the south, whereas the largely dextral
Greendale Fault is subvertical with a south-side-up component of
movement (Quigley et al. 2011). Similar cases where the strike of
a new fault has been inherited from older structures but the dip has
not have been reported by Ring (1994) from the East African Rift.
According to Ring (1994), the new fault needs a nucleation point,
which is provided by the pre-existing structure. Above and below
the pre-existing structure are numerous fracture surfaces that are
subparallel to the pre-existing fault and also subvertical extension
fractures. After having nucleated along a pre-existing structure the

new fault propagates, at least in part, in its own way and would use
the pre-existing fault-parallel and vertical fractures wherever con-
venient.

We suggest that a similar mechanism operated in Canterbury
when the Greendale Fault formed. The initial anisotropy may have
been provided by Jurassic—Cretaceous thrusts and reverse faults in
the Torlesse accretionary wedge that guided the development of the
late Cretaceous normal faults (Barnes 1994), which then in turn
helped the nucleation of the recent faults.

South of Christchurch marks an area where the recent strike-slip
deformation is changing into oblique thrusting along ENE-WSW-
striking faults and the new Port Hills Fault developed in the late
Pleistocene gravel along the northern interface of the volcanic
rocks and gravel. We mapped similarly ENE-WSW-striking faults
in and near Lyttelton Harbour (Fig. 13) and argued above that they
either are rotated east—west faults or formed when the Chatham
Rise encroached. This reasoning would again suggest that older
faults may have guided the recent faults and we propose a similar
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Fig. 14. Local setting of the Christchurch
earthquake sequence. Surface rupture
along the Greendale Fault is from
Quigley et al. (2011) and other faults

with inferred kinematic axes are from
Sibson ef al. (2012). Also shown are

main faults in Banks Peninsula with
kinematic axes inferred from the data
presented in Figures 4—12. Because the
method used for constructing principal
shortening and extension axes for a given
population of faults is similar to that used
to determine infinitesimal strain directions
for earthquake focal mechanisms (P- and
T-axes, respectively), the kinematic

axes can be compared. Fault pattern and
deduced kinematic axes in Banks Peninsula
do not differ significantly from those for
the recent faults. The basement in shown
in dark grey and the Tertiary sediments in
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nucleation mechanism to that envisaged for the Greendale Fault.
We further speculate that the upward propagation of the Port Hills
Fault was, at least in part, controlled by the contact between the
volcanic rocks and the basement and late Cretaceous—Tertiary sed-
iments into which the volcanic rocks intruded.

The sinistral Godley Head—Port Levy Fault also seems to have
reactivated older structures as it is dipping at 70° and not vertical
(R. Sibson, pers. comm.). However, these NW—SE-striking accom-
modation structures do not run parallel to any obvious pre-existing
structural grain, so further speculations on possible reactivation
mechanisms are not warranted.

The loading of the about 1000km?® volcanic edifice of Banks
Peninsula elevates the vertical stress and therefore increases the
strength on any non-vertical fault. This might be the reason why the
Port Hills Fault slipped at the northern periphery of the volcanic edi-
fice, where the latter is covered by gravel and its thickness is signifi-
cantly reduced. We also note that most of the reverse slip on the Port
Hills Fault occurred near the surface and along the eastern segment
of the fault (Beavan et al., 2011), where the vertical stress was less.

Conclusions

We have shown that the eruption of the early volcanic rocks
(Lyttelton Volcanic Group) on Banks Peninsula was controlled by
NE-SW-striking dextral oblique-slip faults and we have speculated
that the Lyttelton Harbour region represents the eroded remnants of
a dextral pull-apart basin. Later volcanic vents tend to align with
roughly north—south-striking oblique reverse faults, suggesting a
more pronounced ESE-WNW-trending shortening component
after about 10 Ma. Both the NE-SW- and the north—south-striking
faults appear to be inherited structures that formed as a response to
late Cretaceous extension of a former subduction-related accretion-
ary wedge. Lyttelton volcanism was focused at releasing bends in
the dextral pull-apart basin, with further volcanism on Banks
Peninsula proposed to be concentrated at fault intersections in a
regional horst structure.

Late Cretaceous east—west-striking normal faults also represent
an important anisotropy that controlled the recent series of
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Canterbury earthquakes. Rupturing that caused the earthquakes did
not occur parallel to pre-existing faults but the latter rather served
as nucleation points for the recent faults. In addition to the east—
west-striking faults, ENE-WSW-striking faults were important for
earthquake generation. The ENE-WSW-striking faults also occur
in the Lyttelton Harbour area and are considered to be either rotated
late Cretaceous east-west faults or faults that formed in the late
Miocene when the encroaching Chatham Rise interacted with the
developing plate boundary zone on the South and North Island of
New Zealand.

We thank two anonymous reviewers and editor R. Phillips for helpful
comments, K. Furlong for providing the sketch showing the relative plate
motions, and F. Ghisetti and R. Sibson for discussions.

References

AYDIN, A. & NuRr, A. 1982. Evolution of pull-apart basins and their scale inde-
pendence. Tectonics, 1, 91-105.

BarNEs, P.M. 1994. Continental extension of the Pacific Plate at the southern ter-
mination of the Hikurangi subduction zone: the North Mernoo Fault Zone,
offshore New Zealand. Tectonics, 13, 753-754.

BeavaN, J. 2011. Preliminary report on the location and slip distribution of the
Sfault that caused the February 2011 Christchurch earthquake, as derived
from geodetic data. GNS Science, Lower Hutt, internal report.

Beavan, J., Samsonov, S., MotacH, M., WALLACE, L., ELuis, S. & PALMER, N.
2010. The M,, 7.1 Darfield (Canterbury) earthquake: geodetic observations
and preliminary source model. Bulletin of the New Zealand Society for
Earthquake Engineering, 43, 228-235.

BennNETT, D., BrRAND, R., FrANCIS, D., LANGDALE, S., MiLLs, C., Morris, B. &
TiaN, X. 2000. Preliminary results of exploration in the onshore Canterbury
Basin. In: Proceeding of the NZ Petroleum Conference, Auckland, 19-22
March 2000. World Wide Web address: http://www.nzpam.govt.nz/cms/
pdf-library/petroleum-conferences-1/2000-conference-proceedings/
bennett-378-kb-pdf (accessed 28 April 2012).

BErGER, G.W., PiLLans, B.J. & Tonkin, P.J. 2001. Luminescence chronology
of loess—paleosol sequences from Canterbury, South Island, New Zealand.
New Zealand Journal of Geology and Geophysics, 44, 89-94.

Brabsnaw, J.D. 1989. Cretaceous geotectonic patterns in the New Zealand
region. Tectonics, 8, 803—820, doi:10.1029/TC008i004p00803.

CHAKRABORTY, P.P. & Knan, P.K. 2009. Cenozoic geodynamic evolution of the
Andaman—Sumatra subduction margin: current understanding. Island Arc,
18, 184-200.


http://www.nzpam.govt.nz/cms/pdf-library/petroleum-conferences-1/2000-conference-proceedings/bennett-378-kb-pdf
http://www.nzpam.govt.nz/cms/pdf-library/petroleum-conferences-1/2000-conference-proceedings/bennett-378-kb-pdf
http://www.nzpam.govt.nz/cms/pdf-library/petroleum-conferences-1/2000-conference-proceedings/bennett-378-kb-pdf
10.1029/TC
http://jgs.lyellcollection.org/

Downloaded from http://jgs.lyellcollection.or
BANKS PENIN

CuaMBERLAIN, C.P. & Poace, M.A. 2000. Reconstructing the paleotopography
of mountain belts from the isotopic composition of authigenic minerals.
Geology, 28, 115-118.

DEckerT, H., RING, U. & MORTIMER, N. 2002. Tectonic significance of Cretaceous
bivergent extensional shear zones in theTorlesse accretionary wedge, cen-
tral Otago Schist, New Zealand. New Zealand Journal of Geology and
Geophysics, 45, 537-547.

D1 Luccio, F., VENTURA, G., D1 GiovaMBATTISTA, R., Piscini, A. & CinTi, F.R.
2010. Normal faults and thrusts reactivated by deep fluids: the 6 April
2009 M, 6.3 L’Aquila earthquake, central Italy. Journal of Geophysical
Research, 115, doi:10.1029/2009JB007190.

EacLEes, G., GoHr, K. & Larter, R.D. 2004. High-resolution animated tec-
tonic reconstruction of the South Pacific and West Antarctic Margin.
Geochemistry, Geophysics, Geosystems, 5, d0i:10.1029/2003GC000657.

ForsyTH, P.J., BARRELL, D.J.A. & JONGENS, R. 2008. Geology of the Christchurch
Area. Institute of Geological and Nuclear Sciences 1:250,000 geological
map 16, 1 sheet. GNS Science, Lower Hutt.

FurronG, K.P. & Kawmp, P.J.J. 2009. The lithospheric geodynamics of plate
boundary transpression in New Zealand: initiating and emplacing subduc-
tion along the Hikurangi margin, and the tectonic evolution of the Alpine
Fault system. Tectonophysics, 474, 449-462.

Gama, C., MULLER, D.R., RoYER, J.-Y., Stock, J., HARDEBECK, J. & SYMONDS,
P. 1998. The tectonic history of the Tasman Sea: a puzzle with 13 pieces.
Journal of Geophysical Research, 103, 12413—12433.

GaLLanp, O., CoseoLp, P.R., DE BREMOND D’ARrs, J. & HaLror, E. 2007. Rise
and emplacement of magma during horizontal shortening of the brittle crust:
insights from experimental modelling. Journal of Geophysical Research,
112, doi:10.1029/2006JB004604.

Guisertl, F.C. & SiBsoN, R.H. 2006. Accommodation of compressional inver-
sion in north-western South Island (New Zealand): Old faults versus new?
Journal of Structural Geology, 28, 1994-2010.

GuiserTl, F. & SiBson, R. 2012. Compressional reactivation of E-W inherited
normal faults in the area of the 2010-2011 Canterbury earthquake sequence.
New Zealand Journal of Geology and Geophysics, 55, doi:10.1080/00288
306.2012.674048.

GLeDHILL, K., Ristau, J., REYNERS, M., Fry, B. & HoLpEn, C. 2011. The Darfield
(Canterbury, New Zealand) M, 7.1 earthquake of September 4 2010: a pre-
liminary seismological report. Seismological Research Letters, 82, 378-386.

Gon, K.M., Morroy, B.P.J. & Rarter, T.A. 1977. Radiocarbon dating of
Quaternary loess deposits, Banks Peninsula, Canterbury, New Zealand.
New Zealand Journal of Geology and Geophysics, 7, 177-196.

Gray, D.R. & FosTer, D.A. 2004. ©°Ar/**Ar thermochronologic constraints on
deformation, metamorphism and cooling/exhumation of a Mesozoic accre-
tionary wedge, Otago Schist, New Zealand. Tectonophysics, 385, 181-210.

GroBys, J.W.G., Gonr, K., Davy, B., UENZELMANN-NEBEN, G., DEeN, T. &
BARKER, D. 2007. Is the Bounty Trough off eastern New Zealand an aborted
rift? Journal of Geophysical Research B: Solid Earth, 112, B03103,
doi: 10.1029/2005JB004229.

Hawmprton, S. 2010. The volcanic history of Lyttelton Volcano. PhD thesis,
University of Canterbury.

Hawmpron, S.J. & CoLk, J.W. 2009. Lyttelton Volcano, Banks Peninsula, New
Zealand: primary volcanic landforms and eruptive centre identification.
Geomorphology, 104, 284-298.

Hawmpton, S.J., CoLE, J. & BELL, D. 2012. Syn-eruptive alluvial and fluvial vol-
canogenic systems within an eroding Miocene volcanic complex, Lyttelton
Volcano, Bank Peninsula, New Zealand. New Zealand Journal of Geology
and Geophysics, 55, 53—66, doi:10.1080/00288306.2011.632424.

Hancock, P.L. 1985. Brittle microtectonics; principles and practice. Journal of
Structural Geology, 7, 437-457.

HoerNLE, K., WHITE, J.D.L., £7 4z. 2006. Cenozoic intraplate volcanism on New
Zealand: upwelling induced by lithospheric removal. Earth and Planetary
Science Letters, 248, 335-352.

Hutrton, D.H.W. & Reavy, R.J. 1992. Strike-slip tectonics and granites petro-
genesis. Tectonics, 11, 960-967.

KNG, G.C.P., STEIN, R.S. & LN, J. 1994. Static stress changes and the triggering of
earthquakes. Bulletin of the Seismological Society of America, 84, 935-953.

Kura, J., TurLocH, A.J., SperL, T.L., WELLs, M.L. & Zanerti, K.A. 2009.
Thermal evolution of the Sisters shear zone, southern New Zealand: for-
mation of the Great South Basin and onset of Pacific—Antarctic spreading.
Tectonics, 28, doi:10.1029/2008TC002368.

LAVALEE, Y., DE SiLva, S.L., SaLas, G. & ByrnEes, J.M. 2009. Structural control on
volcanism at the Ubinas, Huaynaputina, and Ticsani Volcanic Group (UHTVG),
southern Peru. Journal of Volcanology and Geothermal Research, 186,253-264.

Marpia, K.V. 1972. Statistics of Directional Data. Academic Press, London.

MARRETT, R. & ALLMENDINGER, R.W. 1990. Kinematic analysis of fault-slip data
Journal of Structural Geology, 12, 973-986.

at Stockholm University on February 11, 2015
ULA VOLCANISM 785

Moca, W.G., Aurisch, K., O’LEARY, R. & Pass, G.P. 2008. Offshore Canterbury
Basin—beyond the shelf edge. In: Proceedings of PESA Easterm
Australasian Basins Symposium III. Crown Minerals Division, Ministry of
Economic Development, 369-378.

Moorg, M.J. 1979. Tectonics of the Najd transcurrent fault system, Saudi Arabia.
Journal of the Geological Society, London, 136, 441-454.

MorTIMER, N. 2004. New Zealand’s geological foundations. Gondwana
Research,7,261-272.

MorTIMER, N., HoernLE, K., HAUFF, F., PALIN, J.M., DunrLopr, W.J., WERNER,
R. & Faurg, K. 2006. New constraints on the age and evolution of
the Wishbone Ridge, southwest Pacific Cretaceous microplates, and
Zealandia—West Antarctica breakup. Geology, 34, 185-188, doi:10.1130/
G22168.1.2002/2003.

PaNTER, K.S., BELUZTAN, J., HART, S.R., KYLE, R., EssEr, S.R. & McInTosH, W.C.
2006. The origin of HIMU in the SW Pacific: evidence from intraplate
volcanism in southern New Zealand and subantarctic islands. Journal of
Petrology, 47, 1673—-1704, doi:10.1093/petrology/egl024.

PaTani, G., La DELFA, S. & Tancuy, J.-C. 2006. Volcanism and mantle—
crust evolution: the Etna case. Earth and Planetary Science Letters,
241, 831-843.

QUIGLEY, M., VaN DisseN, R., £7 4z. 2011. Surface rupture of the Greendale Fault
during the Mw 7.1 Darfield earthquake, New Zealand: initial findings.
Bulletin of the New Zealand Society of Earthquake Engineering, 43, 242-246.

RiNG, U. 1994. The influence of preexisting structure on the evolution of the
Cenozoic Malawi rift (East African rift system). Tectonics, 13, 313-326.

RiNG, U. & BErNET, M. 2010. Fission-track analysis unravels the denudation
history of the Bonar Range in the footwall of the Alpine Fault, South
Island, New Zealand. Geological Magazine, 147, 801-813, doi:10.1017/
S0016756810000208.

ScHumacher, ML.E. 2002. Upper Rhine Graben: role of preexisting structures
during rift evolution. Tectonics, 21, 61-76.

SEwELL, R.J. 1985. The volcanic geology and geochemistry of central Banks
Peninsula and relationships to Lyttelton and Akaroa volcanoes. Unpublished
PhD thesis, University of Canterbury, 493pp.

SeweLr, R.J. 1988. Late Miocene volcanic stratigraphy of central Banks
Peninsula, Canterbury, New Zealand. New Zealand Journal of Geology and
Geophysics, 31, 41-64.

SEWELL, R.J., WEAVER, S.D. & Reay, M.B. 1992. Geology of Banks Peninsula
Scale 1:100,000. Geological Map 3. Institute of Geological & Nuclear
Sciences, Lower Hutt.

SHELLEY, D. 1987. Lyttelton-1 and Lyttelton-2, the 2 centers of Lyttelton
Volcano. New Zealand Journal of Geology and Geophysics, 30, 159—168.

SiBsoN, R.H., Guiserti, F.C. & CrookBalN, R.A. 2012. Andersonian wrench
faulting in a regional stress field during the 2010-2011 Canterbury, New
Zealand, earthquake sequence. /n: HEaLy, D., BUuTLER, R.-W.H., SHIPTON,
Z K. & SiBson, R.H. (eds) Faulting, Fracturing and Igneous Intrusion in the
Earth’s Crust. Geological Society, London, Special Publications, 367, 7-17.

Stiee, J.J. & McDougaLL, 1. 1968. Geochronology of the Banks Peninsula vol-
canoes, New Zealand. New Zealand Journal of Geology and Geophysics,
11, 1239-1260.

StraMONDO, S., Kyriakopouros, C., BigNnami, C.M., Moro, M., PiccHiani, M.,
Sarori, M. & Enzo Boschi, E. 2011. Did the September 2010 (Darfield)
earthquake trigger the February 2011 (Christchurch) event? Scientific
Reports, 1, doi:10.1038/srep00098.

SYLVESTER, A.G. 1988. Strike-slip faults. Geological Society of America Bulletin,
100, 1666-1703.

TiBALDI, A. 2008. Contractional tectonics and magma paths in volcanoes. Journal
of Volcanology and Geothermal Research, 176, 291-301, doi:10.1016/].
jvolgeores.2008.04.008.

Timm, C., HoernLE, K., VAN DEN BooGarD, P., BINDEMANN, I. & WEAVER, S.
2009. Geochemical evolution of intraplate volcanism at Banks Peninsula,
New Zealand: interaction between asthenospheric and lithospheric melts.
Journal of Petrology, 50, 1-35.

Toprak, V. 1998. Vent distribution and its relation to regional tectonics,
Cappadocian Volcanics, Turkey. Journal of Volcanology and Geothermal
Research, 85, 55-67.

VaN Wyk DE VRies, B. & MERLE, O. 1998. Extension induced by volcanic load-
ing in regional strike-slip zones. Geology, 26, 983-986.

WEAVER, S.D. & SEweLL, R.J. 1986. Cenozoic volcanic geology of the
Banks Peninsula. South Island igneous rocks. /n: HoucHton, B.F. &
WEAVER, S.D. (eds) South Island Igneous Rocks: tour guides A3, C2 and
C7.New Zealand Geological Survey Record, 13, 39-63.

WEAVER, S.D. & Smith, LE.M. 1989. New Zealand intraplate volcanism. /n:
Jounson, R.W., KnutsoN, J. & TAYLOR, S.R. (eds) Intraplate Volcanism
in Eastern Australia and New Zealand. Cambridge University Press,
Cambridge, 157-188.

Received 3 January 2012; revised typescript accepted 25 June 2012.
Scientific editing by Richard Phillips.


10.1093/petrology/egl
10.1038/srep
10.1016/j.jvolgeores
10.1016/j.jvolgeores
http://jgs.lyellcollection.org/



