Downloaded by [University of Otago] at 15:23 30 September 2012

New Zealand Journal of Geology and Geophysics
Vol. 55, No. 3, September 2012, 177184

Taylor & Francis
Taylor & Francis Group

Compressional reactivation of E-W inherited normal faults in the area of the 2010-2011 Canterbury

earthquake sequence
FC Ghisetti** and RH Sibson”

“TerraGeoLogica, Akaroa, New Zealand; ®Department of Geology, University of Otago, Dunedin, New Zealand

(Received 22 October 2011, final version received 28 February 2012)

Earthquake ruptures of the 2010-2011 Canterbury sequence exploit a varying mixture of optimally oriented newly formed faults
and inherited discontinuities that are favourably oriented for reactivation within the prevailing tectonic stress field.
Reinterpretation of subsurface data shows that the Torlesse basement is imprinted with an E-W fault fabric inherited from
Late Cretaceous—Eocene rifting. The prevailing E-W band of rupturing illuminated by seismicity lies at the southern boundary
of a Late Cretaceous basin, terminating against the Banks Peninsula structural high. Analysis of a set of seismic lines in the
Ashley River region (c. 30 km north of the Greendale fault) demonstrates compressional inversion of inherited high-angle E-W
normal faults and folding and detachment of the Neogene cover sequence, together with propagation of new faults through the
Pliocene and Quaternary cover sequences. These structures provide an analogue to deformation in the epicentral region of the

Greendale fault.
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Introduction

The 2010-2011 earthquake sequence in the Canterbury
region involves activity on a complex network of E-W,
ENE-WSW, NE-SW and NW-SE faults, predominantly
with strike-slip and reverse-slip focal mechanisms (Gledhill
et al. 2011; Ristau et al. 2011).

The faults that generated the largest ecarthquakes
(4 September 2010, M., 7.1; 22 February 2011, M, 6.2 and
13 June 2011, M,, 6.0) were concealed beneath Plio—
Quaternary cover sequences and the Miocene Banks Penin-
sula volcanics and had not previously been identified.
Surface traces of Holocene and pre-historic earthquakes in
the Darfield—Christchurch epicentral areas may be obscured
by thick post-glacial and alluvial outwash fed by the rapidly
uplifting Southern Alps.

While seismic activity on blind and/or dormant faults
may only recur over time intervals of 10°~10° years (e.g.
Atwater et al. 2003), hidden faults with potential for seismic
reactivation in the contemporary stress field (see Sibson
et al. 2012 for a review and references) pose a significant
hazard throughout the South Island.

In this paper we use exploration wells, seismic reflection
lines and gravity surveys available in the public domain to
analyse basement deformation beneath the central Canter-
bury Plains. Emphasis is given to the Ashley River region,
because it offers clear examples and is a good analogue
for the Darfield—Christchurch area c. 30 km to the south.
Our study shows the strong signature of pre-existing high-
angle E-W faults that have undergone reactivation in a

compressive regime since the Pliocene, with propagation of
newly created fault strands that eventually break through
the Quaternary sediments.

Regional tectonic setting

The 24-32 km thick crust of the Canterbury region
(Eberhart-Phillips & Bannister 2002) is part of the Chatham
Rise continental plateau on the Pacific Plate (Fig. 1, inset).
The basement of this domain belongs to the Torlesse
composite terrane, comprising a turbiditic sequence (meta-
greywackes and argillites) of Permian—Early Cretaceous age,
imbricated within a tectonic pile up to 10 km thick.

In the Chatham Rise the basement is dissected by
sets of E-W S-dipping faults that originated during Late
Cretaceous rifting and Eocene extension at the edge of the
Gondwana margin (Wood et al. 1989), with development of
half-grabens hosting terrestrial and paralic deposits up to
2.5 km thick. At the NW margin of the Chatham Rise,
seismic reflection data show extensional reactivation of
inherited, steep normal fault, and associated sub-parallel,
new normal faults (Barnes 1994). The fabric of the Chatham
Rise is overprinted by the contractional structures of the
Hikurangi margin along the edge of the continental shelf
(Fig. 1, inset). Between the coastline and the foothills of the
Southern Alps, the basement and the overlying Neogene
sequence of the Canterbury region are largely concealed
beneath a thick blanket of Pliocene—Quaternary sediments.
Within this low relief area, major structures are NE-trending
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Figure 1 Structural setting of the 2010-2011 Darfield—Christchurch seismic sequence. Subsurface geometry is illustrated by the structural
contours of top basement. Faults are from the GNS QMAP dataset, Barnes (1994) and from the 2011 survey in the Pegasus Bay (all from
http://www.gns.cri.nz). A, R, H, P: Ashley, Rakaia, Hinds and Porters Pass faults; G: right-lateral surface break of the 4 September 2010, M,,
7.1 earthquake on the Greendale fault. Grid units in New Zealand Map Grid. Earthquake locations and magnitude from Geonet (http://
www.geonet.org.nz). The inset shows the regional setting of the Canterbury region (Ca) in relation to the Pacific (PAC) and Australia (AU)

plate boundary and the Chatham Rise (CR).

folds likely to have developed in the hanging wall of blind
reverse faults (cf. Barnes 1996; Dorn et al. 2010) and E-W
faults with Holocene active segments (Forsyth et al. 2008),
including the newly ruptured Greendale fault (G in Fig. 1;
Quigley et al. 2010, 2012). Shortening increases westwards
towards the base of the foothills, with uplift of basement-
cored NE-SW thrust-bounded anticlines (Jongens et al.
1999). Further inland the Torlesse greywackes are disrupted

by ENE-WSW to E-W right-lateral faults subparallel to the
faults of the Marlborough system.

Subsurface deformation in the Canterbury Plains

Normal faults of the Chatham Rise likely extend into the
Canterbury region, but subsurface data are sparse. Fig. 1
depicts the geometry and depth of the top of Torlesse
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basement in the subsurface. Single control points are
provided by the depth of basement reached (or approached)
by the exploration wells Kate 1 (1057 m), Kowai-1 (1401 m),
Arcadia-1 (below 1479 m), Leeston-1 (1111 m), J.D. George-
1 (Cretaceous volcanics at total depth (TD) 1650 m), Ealing-
1 (Cretaceous volcanics at TD 1694 m) and the offshore
Resolution-1 (Miocene sill overlying the acoustic basement at
TD 1963 m). Interpolation between wells has been per-
formed by interpreting the top of acoustic basement in the
seismic lines of surveys 1P-256-98, IP-256-99 and 1P-256-00
by Indo—Pacific Energy (see also Jongens et al. 2012).
Seismic lines have been depth converted using interval
velocities from wells Ealing-1, J.D. George-1 and Arcadia-
1. These data are the basis for a revised structural
interpretation of the maps published by Hicks (1989) and
Bennett et al. (2000), based on gravity surveys.

Basement geometry is controlled by E-W faults and by
easterly trending lineaments inferred from strong gradients
in the Bouguer gravity anomaly (Fig. 1). Drilling and
seismic facies in offshore surveys (Barnes 1994; Mogg
et al. 2008; Barnes et al. 2011) support the presence of
Late Cretaceous syn-rift sequences in the Rangiora Basin
and in the fault-bounded Ashley, Rakaia and Hinds troughs
(respectively A, R and H in Fig. 1), where depth of top
basement is < 2.5 km. Correlative sequences are also pre-
served in the hanging wall of the E-W Birch Fault, c. 25 km
north of the Ashley Fault (Nicol 1993). The Miocene
volcanic edifice of Banks Peninsula occupies an inherited
structural high (Wood et al. 1989), separating the Rangiora
Basin to the north from the narrow Rakaia Basin to the
south. Existing data are insufficient for defining the top
basement geometry along the Greendale fault (G in Fig. 1).
To the east, the distribution of the largest earthquakes
following the 22 February 2011 earthquake is clustered
along an ENE-WSW gravity lineament (Bennett et al. 2000)
at the southern border of the Rangiora Basin.

At the western margin of the Canterbury Plains top
basement is at a depth of 0.5-1.5 km, implying a minimum
throw of comparable magnitude for the faults that upthrust
the basement along the foothills escarpment. E-W and
ENE—WSW right-lateral faults dissect the exhumed Torlesse
greywackes (e.g. the Porters Pass fault — P in Fig. 1 — with
Holocene slip rates up to 4.1 mm/yr; cf. Howard et al. 2005).

Compressional inversion of inherited normal faults
Regional evidence for reactivation of inherited normal faults

Fault geometry and kinematics are poorly constrained
because of a lack of data on dip angles and slip vectors.
However, the azimuthal distribution of faults with predo-
minantly normal, right-lateral and reverse separations
(Fig. 2) may be considered in relation to the inferred
115+ 5° orientation of the horizontal maximum compressive
stress axis (o;) in the Canterbury region and adjacent

areas of the South Island (cf. Sibson et al. 2011, 2012;
Boese et al. 2012).

The dominant easterly trends of normal faults (Fig. 2A)
were established since the Late Cretaceous—Eocene. Some
faults may still be active with normal mechanisms, but many
faults oriented 070-100° are seemingly reactivated with
right-lateral mechanisms in the contemporary stress field
(Fig. 2B). The distribution of reverse faults (Fig. 2C) is
consistent with mixed right-lateral and reverse slip in the
azimuthal range 050-070°. Reverse-slip faults oriented
010-040° may include new faults generated in the
Miocene—Present contractional regime.

Reversal of movement on pre-existing normal faults is
demonstrated by the upthrow of syn-rift deposits in their
hanging wall. Documented examples include the E-W Birch
fault in north Canterbury (Nicol 1993), offshore ENE-
WSW faults in the Rangiora Basin (Barnes et al. 2011)
and similarly oriented faults in the foothills west of Darfield
(Forsyth et al. 2008). Structural inheritance from Cretaceous
extension has also been documented for the c. 070°-trending
Clarence fault within the Marlborough system, currently
undergoing dextral-reverse oblique slip (Nicol & van Dissen
2002).

Active faults in the Ashley River region

Nearly 30 km north of the Greendale fault, Holocene-active
E-W faults along the north bank of the Ashley River (A in
Fig. 1) are considered a potential source for a c. M,, 7.3
earthquake in the Christchurch region (Cowan et al. 1996;
Stirling et al. 2007). Reverse mechanisms (Sisson et al. 2001)
are indicated by thrusting and folding along the E-W to
NNE-SSW Cust Anticline (Forsyth et al. 2008), with uplift
of Pliocene conglomerates along the E-W Mairaki
Downs ridge elevated 80 m above the Quaternary alluvium
(Fig. 3A).

A network of medium-quality seismic lines tied to the
Arcadia-1 well (surveys IP-256-99 and IP-256-00, Indo-
Pacific Energy 2000) covers this region (Fig. 3A). Geological
sections based on interpretation of some representative lines
are shown in Fig. 4. The original seismic data are not
reproduced in this figure; some are shown in Bennett et al.
(2000) and Jongens et al. (1999, 2012). All can be obtained
from the Ministry of Economic Development (http://
www.nzpam.govt.nz). Geometry of faults and of marker
horizons has been reconstructed using MOVE (Midland
Valley, http://www.mve.com). Individual lines have been
interpreted, depth converted and balanced, with the recon-
structed geological sections then assembled in a 3D model.
Interpretive problems and loose ties between lines were
mitigated by the 3D reconstruction, but the medium-quality
resolution of the survey leaves space for alternative inter-
pretations (cf. Jongens et al. 2012). The 2D projection of the
reconstructed top basement surface is shown in
Fig. 3B. The surface has a regional NNE trend, gently
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Figure 2 Azimuthal distribution of the faults mapped in Fig. 1, in relation to their dominant slip sense and the inferred orientation of the
contemporary horizontal maximum compressive stress (G7). A, Normal faults. B, Right-lateral faults. C, Reverse faults.

dips SE from 1.2 km to 2.2 km b.s.l. at the western edge of
the Rangiora Basin (Fig. 1) and is disrupted by opposite-
facing E-W to ENE blind faults (F; to F; in Fig. 3B). The
faults are continuous over lengths of 15-20 km and dip
65-75°S and 80°N down to c. 3 km b.s.l. (Fig. 4), which is
the deepest possible extrapolation from the available data.
The SE-dipping surface is deformed into a N-S eclon-
gated dome that culminates at a depth of 1.5 km b.s.l.
beneath the Arcadia-1 well (Fig. 3B). The dome is bounded
by the oppositely dipping faults F, and Fs that project up-
dip along the margins of the Mairaki Downs ridge (Fig. 3A).
Structural contours define the transition from normal to null
to reverse separation along faults F;, Fy, Fs5, Fg and F;.
Faults F; and F, maintain respectively reverse and normal

separation along their length (Fig. 3B). There is no marker
constraining strike-slip separation, but the N—S elongation
of the basement dome beneath Arcadia-1 is consistent with
components of transpressive movements along faults F4 and
Fs. East of the subsurface tip of fault F4, right-lateral
displacement has been inferred for the Ashley fault (Sisson
et al. 2001).

The geological sections in Fig. 4 show that the change
from normal to null and reverse separation arises from
differential reversal of movement on inherited Late Cretac-
eous to Eocene normal faults (with preserved syn-rift
sequences in their hanging wall), with the largest net reverse
separations along faults F4 and Fs (Fig. 4B—-C-D). Asym-
metric folding of the cover sequences above the up-thrust
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Figure 3 Subsurface interpretation of the top basement surface in the Ashley river region. A, Location (see also Fig. 1) of the seismic surveys
IP-256-99 and IP-00-256 and of the Arcadia-1 well, DEM from http://srtm.csi.cgiar.org. B, Geometry of the deformed top basement surface
reconstructed from the interpretation of the depth-converted seismic lines.

rigid basement (Fig. 4B—D—E) is probably associated with
upward ramping of low-angle thrust faults detached at the
basement-cover sequence interface, or within the Eocene
units (Fig. 4B-E) as suggested by the fault crossed by the
Arcadia-1 well (Indo-Pacific Energy 2000).

Some inverted normal faults crosscut the Neogene
sequence (Fig. 4C-D) with folding of the overlying Qua-
ternary cover, but breaching to the surface is unclear. In
some cases the uppermost units are crosscut by fault splays
that cannot be traced down to the basement (Fig. 4C-E).
The Holocene-active Ashley faults (Figs 1-3) are poorly
imaged by the available seismic lines, but they are aligned
with the eastern tip of fault F, and connected to folding in
the region of compressional inversion (Fig. 4C—D). Thin-
ning of the Pliocene sequences and folding, uplift and

erosion of the Pliocene sediments (Fig. 4B—C-D-E) indicate
that compressional inversion was mostly active throughout
the Pliocene, affecting the base of the Quaternary sequence
as well.

Discussion and conclusions

Seismological and geodetic data acquired since the M, 7.1
4 September 2010 earthquake reveal the dominant activity
of E-W right-lateral faults and NE-SW and ENE-WSW
reverse faults (e.g. the My, 6.2, 22 February 2011 rupture),
often with components of oblique transpression (Quigley
et al. 2010; Beavan et al. 2011; Gledhill et al. 2011). The
sequence is also likely to involve NW-NNW-trending
transpressive left-lateral faults, as observed for an aftershock
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lineament in the first weeks of the sequence and for the
aftershocks following the 13 June 2011, M,, 6.0 earthquake
(Sibson et al. 2011). Processes of fault nucleation and
propagation are complex, as for example in the case of the
initial 4 September 2010 events, with a first M, 6.5 reverse
rupture on a blind NE-SW-oriented reverse fault followed
by the M, 7.1 right-lateral break of the E-W
fault that propagated to the surface along the Greendale
fault (Gledhill et al. 2011; Quigley et al. 2012). The overall
kinematics are compatible with an inferred horizontal
maximum compressive stress o; oriented 115+5° (Sibson
et al. 2011, 2012), but it also requires 6, =0, ~ ©3, allowing
for some variance between 6, =, (wrench faulting regime)
and o, =03 (reverse faulting regime) and for mixed compo-
nents of oblique movement.

None of the seismically active faults was recognised
before these events. New data indicative of active faulting in

the Greendale—Christchurch region and nearby offshore
have now been acquired (e.g. Barnes et al. 2011), but
existing subsurface information gathered for hydrocarbon
exploration in the last decades can be re-interpreted in the
light of the recent events. Our revision of public domain
subsurface data defines the role of pre-existing basement
discontinuities and the geometry of faults susceptible to

reactivation in the prevailing stress field.
Our study demonstrates the following.

1. The inherited, extensional E-W fault fabric of the
Chatham Rise extends into the region of the Canterbury
Plains, where top basement is buried at 0.5 to < 2.5 km
b.s.l. (Fig. 1).

2. The Greendale—Christchurch earthquake ruptures are
clustered along a segmented scarp that separates the
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Late Cretaceous depocentre of the Rangiora Basin from
the Banks Peninsula structural high (Fig. 1).

3. Azimuthal distribution of active faults with 070-100°
trends is shared by faults with normal and right-lateral
slip separations (Fig. 2), but surface evidence for
compressional inversion of these E-W normal faults is
rare.

4. Faulting in the Ashley River region offers an analogue to
the Greendale fault given its geographical proximity,
location in the same tectonic setting and the presence of
the Holocene-active E-W fault ruptures. In this region,
we document a set of subsurface, previously unmapped
E-W normal faults dipping steeply to the south and
north (Figs 3—4) that have undergone compressional
inversion (with likely components of oblique right-
lateral slip) throughout the Pliocene and Quaternary.

5. Evidence for compressional inversion includes: changes
from normal to reverse separation along the faults;
domal uplift and eversion of the basement and overlying
syn-rift deposits; asymmetric folding of the cover
sequences (locally with propagation of low-angle, de-
tached thrusts); and uplift and erosion of the Pliocene
gravels and Quaternary cover (Figs 3, 4).

6. Reverse and high-angle transpressive (?) faults that
break through the near-surface result from compres-
sional inversion, but they do not necessarily splay from
the tips of inverted normal faults (Fig. 4) and may
represent newly propagating faults that accommodate
the regional shortening.

Our data therefore demonstrate the dominant role
exerted by the Late Cretaceous—Eocene normal faults for
location and nucleation of the initial earthquake rupture (see
also Jongens et al. 2012). The favourable orientation of
inherited steep E-W faults relative to the axis of maximum
horizontal stress is compatible with their reactivation and is
consistent with the pure strike-slip and oblique slip focal
mechanisms of many aftershocks (Sibson et al. 2011). Note
however that the upper crustal tectonic grain imposed by
syn-rift normal faulting is only one component of a more
complex structural network likely to affect the Torlesse
terrane, and that fault orientation and dip at the depth of
nucleation of the largest earthquakes (typically 10—15 km)
are unknown. The inherited extensional fabric may play a
significant role if the syn-rift normal faults penetrate
through the upper crustal seismogenic zone to mid-crustal
levels (Abers 2001). All the inverted normal faults analysed
in this study dip at high angles (65-80°) from the surface to
¢. 3 km b.s.1., but changes in dip with increasing depth and/
or merging of faults into deeper detachment horizons cannot
be ruled out. In the latter case, shallower dipping fault
segments oblique to the maximum horizontal stress may also
undergo reactivation with transpressive components.

Fault inheritance can be documented throughout
Canterbury, but the structural scenario highlighted by the

long seismic sequence cannot be ascribed only to reactiva-
tion of pre-existing blind faults. Contemporaneous seismic
activity on a whole array of NE-SW reverse faults, E-W
right-lateral faults and NW-SE left-lateral faults (all kine-
matically compatible with the regional stress field), together
with low total displacements on previously unidentified fault
segments and high stress drops associated with the major
ruptures (Fry & Gerstenberger 2011), all suggest formation
of new faults crosscutting each other during their growth.
Perhaps this is the case for the NW-SE left-lateral faults
that are not evident in the basement fault fabric (Fig. 1), but
may be growing coseismically in the present wrench regime
as newly forming conjugate sets that segment the E-W right-
lateral faults (Sibson et al. 2011). Another example comes
from the surface deformation modelled for the 22 February
2011, M., 6.2 earthquake (Beavan et al. 2011), together with
the distribution of its aftershocks (Ristau et al. 2011). The
sequence is aligned along the fault-controlled southern
margin of the inherited Rangiora Basin (Fig. 1), but the
coseismic deformation has resulted in uplift of the Banks
Peninsula region, i.e. the footwall of the inherited fault
system. These mechanisms are not compatible with simple
reversal of movement on the originally N-dipping normal
faults that would have bounded the basin.

Growth of new, immature fault splays linking older
inherited segments and branching from pre-existing discon-
tinuities is only hinted at by our structural data and by the
2010-2011 (still ongoing) earthquakes, but needs to be
incorporated into models of the Canterbury sequence.
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