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[11 Seafloor fault scarps and near-surface deformation of late Quaternary seismic
reflectors occur along the eastern margin of the Wanganui Basin, 200 km behind the active
Hikurangi subduction front, southern North Island, New Zealand. The offshore scarps are
associated with the low-strain, compressional Kapiti-Manawatu Fault System (KMFS),
which comprises high-angle (>60°) reactivated reverse and normal faults oriented NE-SW,
highly oblique to the coast. Seafloor scarps range from <10 to 50 km in length with
vertical seafloor offsets of 2 to 30 m. The longest structure is the Mascarin Fault, with
maximum late Quaternary vertical slip rates of 3 mm a~' (where a is years). Other faults in
the KMFS have typical rates of <l mm a~ ', comparable to long-term estimates. Three
zones of recent deformation are identified: faults in the north and south of the KMFS are
characterized by high scarps (>10 m high) and moderate to long fault seafloor rupture
lengths, and those in central parts of the fault system are characterized by low scarps
(<5 m high), variable slip rates, and short to moderate fault lengths. Empirical equations
indicate that KMFS faults may generate earthquakes with moment magnitudes (M,,) of
5.7-7.5 (mean 6.9 £ 0.3, +1 standard deviation, for sources with M,, > 6.5). Estimated
recurrence intervals that are generally >10,000 a, suggest that the seismic hazard of the

Kapiti-Manawatu region is relatively low. Incorporation of these new geological data,
however, is likely to increase slightly the expected seismic hazard in southern North
Island. The method of determining the earthquake recurrence parameters of offshore faults

has potentially wider applications elsewhere.

Citation: Nodder, S. D., G. Lamarche, J.-N. Proust, and M. Stirling (2007), Characterizing earthquake recurrence parameters for
offshore faults in the low-strain, compressional Kapiti-Manawatu Fault System, New Zealand, J. Geophys. Res., 112, B12102,

doi:10.1029/2007JB005019.

1. Introduction

[2] The first stages of seismic hazard and risk assessments
are (1) the identification and characterization of active
earthquake sources and (2) the quantification of earthquake
recurrence rates on these sources [Cornell, 1968; Schwartz
and Coppersmith, 1986; DePolo and Slemmons, 1990]. The
seismic hazard associated with active faults and folds can be
quantified by combining these data with historical seismic-
ity and local ground-shaking characteristics using probabi-
listic modeling techniques [e.g., Wesnousky, 1986; Stirling
et al., 1998, 2002b]. Such approaches are applied most
readily to onshore environments where the neotectonic
characteristics of faults and rupture characteristics of specific
earthquake sources can be evaluated using paleoseismic [e.g.,
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Schwartz and Coppersmith, 1986; DePolo and Slemmons,
1990; van Dissen and Berryman, 1996] and empirical tech-
niques [Bonilla et al., 1984; Wells and Coppersmith, 1994;
Anderson et al., 1996; Stirling et al., 2002a]. In coastal
zones, however, the potential seismic hazard and risk can
be underestimated without consideration of the distribution
and rupture characteristics of active faults and folds that are
either entirely or partially offshore [e.g., Wesnousky, 1986;
Nodder, 1994].

[3] At subduction margins, deformation occurs predom-
inantly in the fore-arc basin but can also extend a consid-
erable distance away from the subduction front into the
back-arc environment [e.g., Busby and Ingersoll, 1995]. An
example is described here from the predominantly reverse,
offshore Kapiti-Manawatu Fault System (KFMS), North
Island, New Zealand, which is located approximately
200 km west of and behind the active deformation front
of the Hikurangi subduction margin, along the eastern edge
of the Wanganui Basin (WB) (Figure 1). The KMFS is
associated laterally with onland structures that have previ-
ously been identified as potential earthquake sources (e.g.,
Manawatu Anticlines [7e Punga, 1957; Melhuish et al.,
1996]) and previous paleoseismic studies in southern North
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Figure 1. Regional location and fault map of the Wanganui Basin (WB) and offshore Kapiti-Manawatu

Fault System along the eastern edge of the basin. The Hikurangi subduction front is shown by the toothed
line, marking the boundarPf between the Pacific and Australian plates. The large arrow shows the relative
plate motion (in km Ma™ ") from De Mets et al. [1994]. Bold lines indicate other major geological faults
and folds, including the Manawatu Anticlines (MA). TVZ, Taupo Volcanic Zone; NIDFB, North Island
Dextral Fault Belt; CEFZ, Cape Egmont Fault Zone; MF, Manaia Fault; TF, Taranaki Fault; MFS,
Marlborough Fault System; WF, Wairau Fault and the Alpine Fault. Active volcanoes are also shown.
Box outline shows the position of Figure 2. The inset shows in detail the active strike-slip faults in the

onshore Wellington region [after van Dissen and Berryman, 1996; Litchfield et al., 2004].

Island have identified a number of onshore active faults
[Smith and Berryman, 1986; van Dissen and Berryman,
1996; Stirling et al., 1998, 2002b]. These predominantly
land-based studies, however, have failed to take into
account the late Quaternary activity of offshore faults
because structures in the marine environment have only
been mapped previously at basin-wide scales using low-
resolution geophysical techniques [Anderton, 1981; Carter
et al., 1988; Lewis et al., 1994]. This is likely to result in a
slight underestimation of the seismic hazard in southern
North Island, as was observed previously by Wesnousky
[1986] in a study offshore California. The present study
utilizes a suite of high-resolution, subsurface seismic reflec-
tion and core data, and recent interpretations of fault
structure and stratigraphy in the KMFS [Lamarche et al.,

2005; Proust et al., 2005] to constrain the late Quaternary to
post-20 ka (where a is years) activity on these offshore
faults with a view to better evaluating the seismic hazard
and risk implications for southern North Island.

[4] The principal objectives of this study are (1) to
describe in detail the neotectonic pattern of the low-strain,
compressional, offshore KMFS, (2) to identify and charac-
terize seismogenic faults, i.e., those that are capable of
generating earthquakes, (3) to estimate earthquake source
parameters, such as fault length, area, and slip rate, and
(4) to evaluate earthquake recurrence parameters, such as
moment magnitude, seismic moment, single-event displace-
ment, and recurrence interval, associated with these faults
using published empirical relationships developed initially
for appraising onshore earthquake hazards. The relevance of
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this approach for evaluating the earthquake recurrence
characteristics of offshore faults has wider applicability than
is currently reflected in the literature, in which most
published studies are from New Zealand [e.g., Nodder,
1994; Barnes et al., 2002; Bull et al., 2006]. In the context
of the present study, “neotectonics’ encompasses deforma-
tion since the initiation of contractional tectonics in the
KMFS, which is estimated to be about 1.35-2.4 Ma
[Lamarche et al., 2005; Proust et al., 2005], and considers
“active” structures within the fault system to be those that
have deformed sedimentary layers that are no more than
20,000 a old and/or are characterized by the presence of a
seafloor scarp.

2. Geological Setting

[s] The WB is a 4—5 km deep, Plio-Pleistocene sedi-
mentary basin lying between 39°50'S and 41°S wholly on
the Australian Plate about 200 km west of the southern part
of the Hikurangi subduction front, where the Pacific Plate is
being subducted obliquely beneath the North Island of New
Zealand [Anderton, 1981; Katz and Leask, 1990; Stern et
al., 1992, 1993; Proust et al., 2005] (Figure 1). Modeling
and basin-scale deformation patterns suggest that the basin
has evolved over the last 3 Ma in response to substantial
sediment loading and strong frictional coupling between the
subducting Pacific Plate and the overriding Australian Plate
[Stern et al., 1992, 1993].

[6] The WB is bounded by uplifted Mesozoic basement
highs with the buried Patea-Tongaporutu High and associ-
ated reverse Taranaki Fault [Mills, 1990; Proust et al., 2005]
lying along the western margin of the basin and the recently
uplifted and overthrust (<1—2 Ma [Lamb and Vella, 1987])
North Island Axial Ranges to the east. The Plio-Pleistocene
sedimentary basin fill comprises at least 4 km of predom-
inantly shallow marine, cyclothemic sediments [Fleming,
1953; Anderton, 1981; Carter and Naish, 1998; Naish et al.,
1999; Kamp et al., 2002; Proust et al., 2005].

2.1. Active Faulting in Southern North Island

[7] Upper crustal faulting in the lower North Island is
dominated by the North Island Dextral Fault Belt (NIDFB),
which is located along the inner margin of the Hikurangi
subduction margin and forearc basin [Walcott, 1987;
Beanland, 1995] (Figure 1). The southern section of the
NIDFB comprises a series of reverse and strike-slip faults
that have facilitated the uplift of the North Island Axial
Ranges and have been the sources for several large historic
earthquakes (e.g., 1855 Wairarapa, M, 8.2; 1931 Napier,
M,, 7.8; 1934 Pahiatua, My, 7.4 [Grapes and Downes, 1997;
Doser and Webb, 2003]). West of the NIDFB, several active
dextral strike-slip faults have been identified running sub-
parallel to the west coast of southern North Island along the
eastern margin of the WB [van Dissen and Berryman, 1996].
The Shepherds Gully, Pukerua, Ohariu and North Ohariu
faults (Figure 1, insert) have estimated strike-slip rates of
1-3 mm a ', single-event displacements of 3—5 m and
earthquake recurrence intervals of 1500—7000 a [van Dissen
and Berryman, 1996; Heron et al., 1998; Litchfield et al.,
2004]. An average moment magnitude (M,,) of 7.6 + 0.3
was calculated for these faults [van Dissen and Berryman,
1996]. Furthermore, a series of normal and reverse faults
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[4haroni, 1991] underlie the extensive 4—5 km wide
Holocene coastal plain on the eastern edge of the WB
between the Manawatu coast and the foot of the Axial
Ranges to the east [Cowie, 1963; Muckersie and Sheperd,
1995].

[8] Several large reverse faults and active anticlinal
structures have also been mapped, namely the Turakina,
Rangitikei, and Rauoterangi faults [Anderton, 1981], the
Manawatu Anticlines [Fleming, 1953; Te Punga, 1957,
Melhuish et al., 1996] and the offshore KMFS (see below
[Lamarche et al., 2005] (Figures 1 and 2). It has been
postulated that these predominantly reverse faults have a
component of dextral strike slip due to the interpreted en
echelon pattern of faulting [4nderton, 1981; Thompson et
al., 1994], but this has not been corroborated by stress
tensor modeling [Stern et al., 1992] nor substantiated by
fault geometry, as interpreted from marine seismic reflection
studies [Lamarche et al., 2005]. It is probable, however, that
the KMFS reverse faults accommodate an as-yet undeter-
mined amount of oblique-slip. Active growth on the anti-
clines in Manawatu is attributed to subsurface reverse
faulting [7e Punga, 1957]. Average dip-slip rates on the
west dipping, reverse fault responsible for uplift of the
Mount Stewart-Halcombe Anticline are estimated at 0.1—
0.2 mm a ', with a long-term late Quaternary (<0.2 Ma)
deformation rate of 0.3 mm a~' [Melhuish et al., 1996]. On
the basis of fold axis lengths of 15-20 km, Jackson et al.
[1998] speculated that these faults would be capable of
generating earthquakes of My, 6.5-7.0.

[¢] Offshore, the northern extension of the Wairau Fault
from the northern part of South Island has been postulated
to lie across western Cook Strait and to the west of Kapiti
Island (Figure 1) [Carter et al., 1988; Moore and Francis,
1988], perhaps linking with the Rauoterangi Fault in on-
shore Manawatu (Figure 2) [Lewis et al., 1994]. The Wairau
Fault represents the oldest extension of the major intra-
continental strike-slip Alpine Fault, which is the largest
single geological structure in New Zealand (Figure 1). In
northern South Island, the Wairau Fault has an average late
Quaternary slip rate of approximately 4 = 1 mm a~' and an
average recurrence interval of 1000-2300 a, based on
single-event horizontal displacements of 5—7 m [van Dissen
and Berryman, 1996]. There are presently no data that allow
us to determine the recent deformation history of the
offshore section of the Wairau Fault because its location
has still yet to be delineated [Lamarche et al., 2005].
Consequently, this remains an outstanding issue for seismic
hazard interpretations for the lower North Island region
[e.g., van Dissen and Berryman, 1996; Stirling et al., 1998,
2002b].

2.2. Fault Patterns and Long-Term Slip Rates in the
Kapiti-Manawatu Fault System

[10] The first documentation of recent offshore faulting in
the WB region was probably by Fleming [1953], who
showed an abrupt drop in the seafloor aligned with the
Nukumaru Fault in the central part of the basin from a single
echo sounder trace. Other workers, such as Anderton
[1981], Thompson et al. [1994], T. A. Stern and various
coauthors [e.g., Stern and Davey, 1989; Holt and Stern,
1994; Stern et al., 1992, 1993; Proust et al., 2005] mapped
basement structures and Plio-Pleistocene reflectors in off-
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Figure 2. Neotectonic deformation map of the Kapiti-Manawatu Fault System (KMFS) showing the
distribution of seafloor scarps and other surface and subsurface deformation. In the legend, PGS refers to
the post-last glacial erosion surface (see text for details) and the circled E indicates where scarps are
eroded. KI, Kapiti Island. Fault designations: Wt, Waitarere (S, southern section; N, northern); Ok,
Okupe; On, Onepoto; Rt, Rangatira; Ot, Otaheke; Wr, Wairaka; Ka, Kapiti; Ma, Mascarin (Ma2, splay 2;
Ma3, splay 3); Mo, Moana; Ra, Rangitikei; Ta, Tangimoana. Survey tracks from NIWA voyages CR3048
and TANO105 are shown in orange and yellow, respectively, with track labels in circles. Locations of
seismic reflection profiles in Figures 3—9 and core sites (solid dots) are indicated. The Santoft well
location was used for previous stratigraphic correlations on multichannel seismic reflection profiles
[Lamarche et al., 2005; Proust et al., 2005]. Bathymetric contours are shown in meters (light grey, every
10 m; blue, every 50 m). The N23°E projection axis for all the faults in the KMFS is also shown with
marks every 10 km. The structural zones recognized by this paper are also depicted (zones I, II, and III).
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shore WB using industrial seismic reflection data, but did
not investigate near-surface, neotectonic deformation in the
basin.

[11] Lamarche et al. [2005] described and mapped the
20-25 km wide offshore Kapiti-Manawatu Fault System
(KMFS) in detail for the first time, and these results form
the basis for the present study. The fault system extends
from Kapiti Island in the south for 70—80 km to the mouths of
the Turakina and Whangaehu rivers in the north (Figures 1
and 2). Twenty individual faults have been identified in the
KMFS, comprising mainly steeply dipping (>60°), reacti-
vated reverse faults with normal faults restricted predomi-
nantly to the southeastern and coastal edge of the fault
system (Figures 2—4). The faults have an average strike
direction of N20—-30°E, subparallel to the Kapiti-Manawatu
coast. The western boundary of the KMFS is usually
marked by the major east dipping, reverse Mascarin Fault,
which is the longest fault in the system (up to ~95 km in
length). The Mascarin Fault probably extends further to the
south of the study area and onland to the north where it
possibly connects in a series of fault splays associated with
the Turakina Fault System (Figure 2).

[12] From west to east across the KFMS, other significant
reverse structures include the Waitarere, Okupe, Onepoto,
Otaheke and Rangitikei faults (Figures 2—4). In close
proximity to the two latter faults, the Kapiti Fault is a very
steep normal fault characterized by large basement offsets of
400—600 m. The dominant easternmost fault in the KFMS,
the Otaheke Fault, is a composite structure, which exhibits
normal behavior south and east of Kapiti Island, but is a
reverse structure to the northeast of the island. Normal faults
are located further inshore from here, namely, Rangatira,
Wairaka and Te Horo faults near Kapiti Island in the south
and the Tangimoana Fault in the north (Figure 2).

[13] Time-vertical displacement plots for each of the main
faults within the KMFS indicate that contractional defor-
mation was initiated at 1.75 + 0.40 Ma with fault growth
rates in the order of ~1—2 mm a ' and little to no
accumulation of displacement occurring between 2.4 and
1.35 Ma [Lamarche et al., 2005] (Figures 3c and 4b).
Between 1.35 Ma and 120 ka, typical long-term slip rates
were ~0.5 mm a~', increasing to rates >1 mm a~! since
120 ka on the larger faults (e.g., Mascarin, Rangitikei).
There is a possibility, however, that the age of the shallow-
est reflector in multichannel seismic reflection data might be
considerably older than 120 ka (i.e., ~260 ka [Proust et al.,
2005]), which would result in more consistent deformation
rates of 1.5 mm a~' since 1.35 Ma [Lamarche et al., 2005].
Lower slip rates are inferred on other KMFS faults over the
same time periods, typically reaching maximum rates of
0.25-0.5 mm a'. Close spatial relationships between fault
terminations on individual faults over different time hori-
zons suggest that while not independently diagnostic of
such phenomena, there has been limited lateral propagation
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of these faults since 1.35 Ma and in many cases for at least
the last 2.4 Ma.

2.3. Historical Seismicity in the Wanganui Basin

[14] The WB is a zone of crustal seismicity, related
primarily to the subduction of the Pacific Plate beneath
the basin, with earthquakes occurring throughout the crust
down to 40 km [Robinson, 1986]. Hypocentral locations
and seismic reflection data define the Benioff Zone at the
top of the subducted slab at depths of 30—40 km [Robinson,
1986; Stern and Davey, 1989; Stern et al., 1992; Ansell and
Bannister, 1996; Reyners, 1998]. Seismological and geo-
detic evidence indicates that the subduction interface is
presently “locked” beneath the NIDFB and the Axial
Ranges, immediately to the east of the WB, on timescales
of at least 100 a [Robinson, 1986; Walcott, 1987; Nicol and
Beavan, 2003].

[15] The high level of crustal seismicity in the WB is
attributed to low heat flux in the crust [Stern et al., 1992].
The Wanganui-Manawatu-Kapiti region is recognized for
continuous, swarm-like shallow seismicity, typified by
magnitudes of <5 and concentrating mostly offshore close
to Wanganui city [Garrick and Gibowicz, 1983], with
diffuse seismicity along the Kapiti-Manawatu coast. The
area has been the scene of at least one large, historic
earthquake near to Wanganui in 1897 (M 7 [Eiby, 1968]
and M 6.5 (G. Downes and D. J. Dowrick, manuscript in
preparation, 2007, also personal communication, 2006)).
Eiby [1968] also indicated that an inferred M 7.5 earthquake
in 1843 occurred near Wanganui, but this event has prob-
ably been mislocated and is likely to have an east coast,
North Island source (G. Downes, personal communication,
2005). Composite fault plane solutions for small shallow
earthquake (magnitude <3.5, crustal depth <12 km) from
1964 to 1980 indicate normal focal mechanisms with the
axes of horizontal tension aligned approximately east—west
[Garrick and Gibowicz, 1983]. In contrast, focal mecha-
nisms for larger, and deeper (crustal depth <33 km) earth-
quakes indicate reverse faulting with a component of strike
slip. Although the reasons for these contrasting earthquake
events are not elucidated fully, compressional and exten-
sional stresses may be generated above a bending litho-
spheric plate, causing normal faulting (bending moment
faults) at the surface with reverse faulting occurring at depth
[e.g., Yeats, 1986]. This is consistent with the presence of
active extensional and contractional structures in the upper
crust along the KMFZ as identified by Lamarche et al.
[2005].

3. Methods
3.1. Seismic Reflection Data

[16] The present study is based on interpretation of a
network of high-resolution, shallow subsurface seismic

Figure 3. Structural style and faults in the Kapiti-Manawatu Fault System (KMFS). (a) Uninterpreted northern transect,
MCS TANO0105-24. (b) Interpreted profile with seafloor (sf), prominent unconformities (h1-5) and acoustic basement (B)
shown. (¢) Horizon age and vertical displacement of KMFS faults shown on the MCS profile in Figure 3a [after Lamarche
et al., 2005]. (d) Detail of MCS TANO0105-26 showing monoclinic fault drag of reflectors over the Mascarin Fault and
inclined reflectors formed in the accommodation space created by faulting in the footwall. Profile locations are shown on

Figure 2.
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(a) Southern transect; MCS profile CR3048-line 31. The thick dashed line indicates the top of

acoustic basement while the thinner, near-vertical dashed lines are inferred basement faults. V/C,
variation in course of survey vessel during geophysical data acquisition. (b) Horizon age and vertical
displacement of KMFS faults on the profile in Figure 4a [after Lamarche et al., 2005]. Throw rates at 0.5
and 0.25 mm a~' are shown for comparison. Profile locations are shown on Figure 2.

reflection profiles over the offshore KMFS acquired by
NIWA in 1998 (survey CR3048, November) and 2001
(survey TANO105, April) (Figure 2). The data utilized in
this study are 3.5 kHz and Uniboom profiles, which were
complemented by deeper, lower resolution, multichannel
seismic reflection (MCS) data collected along the same
tracks [Lamarche et al., 2005; Proust et al., 2005]. MCS
data were of too low resolution to provide useful constraints
on near-surface deformation but do provide valuable infor-
mation on fault geometry, long-term deformation rates and
possible fault interactions at depth. Across the study area, a
maximum line spacing of 3 km and an average of 1.5 km
was achieved within the seismic grid. Details regarding the
data acquisition, processing and interpretation of the MCS
profiles are given by Lamarche et al. [2005] and Proust et
al. [2005].

[17] The high-resolution, shallow penetration seismic
reflection data were acquired using a hull-mounted, 16-
transducer ORE 3.5 kHz seismic profiler on all lines and a
towed Uniboom source on a selected number of lines
primarily along the Manawatu coast (Figure 2). The Uni-
boom had a nominal frequency of 1.2 kHz and a maximum
penetration of 120 milliseconds (ms) two-way traveltime,
while the 3.5 kHz had a penetration of no more than 75 ms.
Uniboom data were filtered for the swell effects to improve
subsurface resolution of the profiles, and no tidal correc-
tions were made since tidal ranges in the Wanganui-
Manawatu area are generally <I to 1.5 m. The 3.5 kHz
data were not postprocessed. No data were acquired in
water depths shallower than 15 m.

3.2. Core Samples and Dating

[18] On the basis of shipboard interpretation of 3.5 kHz
profiles, a piston corer was used to collect sediment core
material for biostratigraphic (nannofossil) and radiocarbon
dating in order to constrain recent fault movements using
deformation of the post-last glacial erosion surface (PGS)
(Figure 2). The PGS is a diachronous erosional surface that
formed during the marine transgression following sea level
lowering at the peak of the last glacial low stand 18—20 ka

ago [Carter et al., 1986 Proctor and Carter, 1989; Pillans et
al., 1993]. This surface is recognized widely across the New
Zealand continental shelf [Herzer, 1981; Nodder, 1994] and
provides an excellent time marker, provided that the amount
of subsidence or uplift since its formation can be accounted
for to allow the diachronous age of PGS to be estimated at
different locations on the shelf [Lamarche et al., 2006].
Ages of other younger reflective surfaces in the study area
were also determined using similar techniques with radio-
carbon dating providing absolute ages, compared with less
well resolved nannobiostratigraphic data, which only pro-
vided broad age ranges and paleoenvironmental information
(Tables 1 and 2).

3.3. Fault Geometry

[19] High-resolution seismic reflection data were used to
locate seafloor fault scarps and characterize recent defor-
mation of subsurface sedimentary units, aided by the
distribution of faults on the 1.35 Ma stratigraphic horizon
determined using MCS data [Lamarche et al., 2005]. Scarp
heights were measured on geophysical profiles assuming a
speed of sound in seawater of 1500 m s~ while vertical
offsets on subsurface reflectors were estimated based on a
speed of sound in late Quaternary sediments of 1600 m s~
[e.g., Nodder, 1994]. Seafloor and subsurface offsets were
measured directly from 3.5 kHz and boomer profiles, and,
unless stated, are given in meters. The fault displacement
data presented here assume that the faults are steep (>70°),
as estimated from depth-converted MCS profiles, and may
steepen toward the sediment surface [Lamarche et al.,
2005]. Interpretation of faults on MCS profiles can only
provide information on dip-slip displacement on the fault
plane, so that oblique- or strike-slip displacements cannot be
estimated in this study.

[20] Fault rupture lengths in the KMFS were estimated
from the lateral extent of fault surface expression, as
represented primarily by mapped seafloor scarps and sec-
ondly by offsets of the PGS (Figure 2). Fault area was
estimated from fault length and width, where fault width
was derived from the inferred seismogenic depth of the fault
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Table 3. Summary of Neotectonic and Earthquake-Relevant Features of the Faults of the Offshore Kapiti-Manawatu Fault System for
Fault Length, Area, Seafloor Scarp Height and Slip Rate®

Fault Fault Fault Length Fault Area A% km® Seafloor Scarp Height,” m Slip Rate SR,  mm a™'

Fault Name” Type® Zone” L.° km Min  Average Max  Min Average (+1 SD) Max Min Average Max 120 ka
Kapiti N I 20.9 260.5 3340 416.3 0.1 0.4 2.1
Kapiti (total) N II 42.0 5229 6704 8358 1.1 23(14,n=06) 4.5 0.1 0.4 21 07+02
Mascarin (S) R I 33.4 4163 5338 6654 23 29(08,n=)5) 3.8
Mascarin (N) R 111 20.6 256.2 3285 409.5 143 148 (22,n=4) 180 0.1 0.6 0.2
Mascarin (total)® R jigiis 97.0 1207.7 15484 19303 23 7.6(64,n=10) 143 0.1 0.1 33 1.8+0.5¢
Okupe R I 6.0 74.7 95.8 119.4 0.5 0.6 1.5
Okupe (total) R I 40.0 498.0 6385 7960 23 34 4.5 0.5 0.6 1.5 05+02
Onepoto (S) R I 10.6 1324 169.7 211.6 1.5 1.8(04,n=3) 2.3 0.0 0.1 0.1 13+04
Onepoto (C) R I 33 40.6 52.0 64.8 0.1 0.6 1.5
Onepoto (N) R 111 22.6 281.8 3613 450.5 0.4 0.6 1.5
Onepoto (total)® R 1I-111 90.0 1120.6 1436.6  1791.0 0.2 0.4 1.0
Otaheke (N) R 111 16.3 202.8  260.0 3242 0.9 1.0 1.2
Otaheke (N) (total) R 111 50.0 622.5  798.1 995.0 0.9 1.0 1.2 09+03
Otaheke-Rangatira N I 43 53.4 68.4 85.3 45 11.0(064,n=3) 173 0.1 0.4 1.7
Rangitikei R 111 20.7 2583 3312 412.9 0.2 0.7 1.0
Rangitikei (total) R I 45.0 560.3 7183 8955 38 119(54,n=5) 188 02 0.7 1.0 15+04
Tangimoana N 11T 10.3 128.1  164.2 204.8
Tangimoana (total) N 11 13.0 161.9 2075 258.7 233 278 (n=2) 323 03 +0.1
Wairaka" N I 19.2 239.1  306.6 3822 165 184 (n=2) 203 0.2 0.4 0.5 02=+0.1
Waitarere (N) R I 16.6 207.1 2655 3310 15 4628, n=11) 98 0.0 0.1 0.7 0.6+02
Waitarere (S) R I 20.7 2583 3312 4129 19 11.8(8.7,n=12) 30.0
Waitarere (total) R I-11 55.0 684.8 8779 1094.5 0.0 0.1 0.7

Slip rates are determined from offsets measured on the 10.8 ka post-last glacial erosion surface (PGS) and the seafloor, assuming a seafloor age of 6.5 ka
(see text for details), and not from the seafloor scarp height only, as shown. Min, minimum; Max, maximum; SD, standard deviation; n, number of samples.

PFault names and fault types are from Table 2 of Lamarche et al. [2005]. Fault zones I, 11, and III are defined by this study (refer to text and Figure 2).
Total, maximum subsurface length of the fault from Lamarche et al. [2005]; N, northern section; C, central section; S, southern section; N, normal fault; R,
reverse fault.

“Fault lengths are derived from field measurements based on the distribution of seafloor scarps (this study, see Figure 2). The total subsurface length for
Wairaka, Onepoto (S), Mascarin, Otaheke (N), and Rangitikei faults includes onshore sections, as described by Lamarche et al. [2005].

9IEstimates of fault areas are derived by calculation from the various values of length and width of the fault assuming a maximum fault dip of 70°
[Lamarche et al., 2005] and a preferred seismogenic depth of 15 + 2 km for the KMFS faults based on historical seismicity data [Stern et al., 1992; Reyners,
1998]. Minimum and maximum seismogenic depths are estimated to be 13 and 17 km, respectively (i.e., 15 £+ 2 km), and have been used in the calculations
of minimum and maximum fault area.

“Minimum, average, and maximum seafloor scarp heights for the fault (based on field mapping results, Figure 2). These seafloor scarp heights are not
used in the subsequent calculation of fault slip rates due to uncertainties associated with the age of the seafloor, which is inferred to be 6.5 ka, but at certain
locations on the continental shelf could either be older or younger than this estimate (see text for details and footnote f).

"Minimum, average, and maximum annual slip rates of the fault based on field mapping and interpretation of deformation of the 10.8 ka post-last glacial
erosion surface (PGS, Table 1). This calculation also accounts for the inferred age of the seafloor (6.5 ka), and therefore includes an element of uncertainty,
but nonetheless offers a more robust estimate of actual fault slip rates than provided by using seafloor scarp offsets directly (see text for details and note e).
The slip rates for each fault, shown here as minimum, average, and maximum values, are taken from all measurements that were made along the fault. In
locations where deformation has occurred on the nearshore sediment wedge (Figure 2) and where the age of the seafloor may be less than 6.5 ka, slip rates
should be regarded as minimum values. Here 120 ka indicates the maximum slip rate over the last 120 ka period from Table 3 of Lamarche et al. [2005],
assuming a fault dip of 70°For all faults, except for Rangitikei and Wairaka faults, where a dip of 80° was used. Note that an older age of 260 ka has also
been proposed, but not confirmed, for the H1 horizon [Lamarche et al., 2005; Proust et al., 2005]. The +£30% error estimates given for the 120 ka slip rate
takes into account fault dips of 65—75°. The Wairaka 120 ka slip rate is for its northern section only.

#Calculations made assuming no segmentation along Onepoto and Mascarin faults [Lamarche et al., 2005], except that average slip rates for the
Mascarin Fault can only be estimated for the northern section.

"For northern offshore sections of the Okupe and Wairaka faults only, except for the fault length of Okupe (total), which is for the entire subsurface extent
of the fault.

and its dip (Table 3). Seismogenic depth is related to the
distribution of historical crustal seismicity in the WB [e.g.,
Stern et al., 1992; Reyners, 1998] and was estimated to be
about 10—15 km based on the distribution of crustal seismic
activity in the study area [Stern et al., 1992]. Below these

3.4. Estimation of Earthquake Source Parameters

[21] Potential earthquake moment magnitudes (M,,) were
estimated using empirical relationships based on measured
or estimated fault parameters: fault rupture length (L), area
depths is a region of concentrated seismicity that defines the (/) and width (W), assuming fault dips of 70° and a range
inclined subduction interface between the overlying Aus- of seismogenic depths (i.e., 15 + 2 km, see above). .For
tralian Plate and the subducting Pacific Plate at 40—50 km normal and reverse faults, the following empirical equations
depth [Robinson, 1986; Stern et al., 1992; Ansell and were used:
Bannister, 1996; Reyners, 1998]. These observations sug-
gest that faulting within the KMFS is probably seismogenic
and for some of the larger structures may be linked to the
subduction interface [Lamarche et al., 2005]. In this study, a for normal faults [Villamor et al., 2001], and

conservative estimate for the seismogenic depth of 15 =+
2 km was assumed. My = 4.18 + log) (L) + log,o (W) ()

M,, = 3.39 +4/3log,, (A) (1)
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for reverse faults [Berryman et al., 2002]. These new fault
scaling relations for New Zealand fault sources were
developed due to the recognition that such scaling is
dependent on the aspect ratio between rupture length and
rupture width, which in many New Zealand examples are
actually width limited (i.e., rupture length generally exceeds
rupture width) [Berryman et al., 2002]. The new relations
account for this observation and also comply with existing
seismological and geological data. This is especially
important for normal-slip faults where previous scaling
relations between rupture length and seismic moment,
derived mainly from extensional faults in the Taupo
Volcanic Zone, were found not to be widely applicable to
other similar fault sources outside this region [Villamor et
al., 2001].

[22] As mentioned previously, maximum and minimum
fault areas were calculated from the estimated range of
seismogenic depths (13—17 km), although 15 km is the
preferred depth. The designations of “minimum”, “pre-
ferred” and “maximum” flow though subsequent calcula-
tions of M,, seismic moment (M,), single-event
displacement (SED) and recurrence interval (RI). From
the M,, calculations for each fault source based on mini-
mum, preferred and maximum fault area, M, estimates were
derived from

log,o (Mo) = 16.05 + 1.5M,, (3)

where M, is in units of dyn cm [Hanks and Kanamori,
1979]. From these values, the minimum, preferred and
maximum SEDs were estimated using Aki and Richards’
[1980] equation:

M, = A(SED), (4)

where 1 is rigidity modulus (3 x 10'' dyn cm [Brune,
1968]).

[23] Slip rates (SR) were approximated using the mea-
sured vertical offsets and inferred ages of the seafloor and
the buried PGS reflector. In order to derive a robust estimate
of fault SR, an assumed seafloor age of 6500 a was used,
which is approximately the time that sea level reached its
present position following the post-last glacial transgression
[Carter et al., 1986; Gibb, 1986] (see discussion below).
Close to the coast, however, the development of a nearshore
sediment wedge that has formed since sea level stabilized at
6500 a ago (Figure 2) means that this estimated age of the
seafloor is conservative. It is recognized that on the inner
shallow parts of the wedge, which were not largely sur-
veyed by this study, the surficial sediments could be
younger than 6500 a old due to late Holocene riverine
sediment inputs and longshore drift and other coastal
processes. There are no data with which to constrain the
actual age of the seafloor in such environments and the
assumed age of 6500 a is a reasonable estimate based on
knowledge of post-last glacial sea level rise around New
Zealand [Carter et al., 1986; Gibb, 1986]. Minimum,
average and maximum slip rates were calculated from all
locations where such measurements could be made from the
geophysical profiles that intersected the fault traces. In this
regard, SR estimates, as presented in Table 3, are best
regarded as conservative since they are calculated from
the offset and timing differences between the seafloor and
the 10.8 ka buried PGS reflector, and not from the seafloor
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offsets alone. This more prudent approach is best applied
where the mapped nearshore wedge has been deformed by
faulting on underlying structures of the KMFS (Figure 2). In
these cases, there are issues with the inferred age of the
seafloor and the likelihood that high seafloor scarps do not
represent discrete, single-event displacements (see text
below).

[24] The SR and estimated single-event displacement data
were then used to determine the minimum, average and
maximum RIs for the faults where

RI = SED/SR. (5)

[25] For many cases in the KMFS, SED may be approx-
imated by the height of the seafloor scarp (D), especially
where D is less than 5 m. Since single-event displacements
for onshore strike-slip faults in southern North Island are in
the order of 3—5 m [van Dissen and Berryman, 1996; Heron
et al., 1998; Litchfield et al., 2004], as also inferred for dip-
slip faults elsewhere in the region [e.g., Nodder, 1994; Nicol
et al., 2005], it is possible that scarps on offshore faults in
the KMFS that are <5 m in height could be single-event
structures, or alternatively could represent many moderately
sized earthquakes. In other examples, where seafloor scarps
are much greater than 5 m (e.g., Wairaka Fault, Tangimoana
Fault), it is probable that multiple displacement events have
occurred. In such cases where seafloor scarps are >5 m in
height, estimated recurrence intervals for a given slip rate
will be overestimated. At some locations in the study area,
such as west of Kapiti Island, this is likely to be com-
pounded further by poor age control of the deformed strata
(e.g., southern sections of the Waitarere Fault where undif-
ferentiated Plio-Pleistocene sediments are deformed by
near-surface faulting) (see later).

[26] For comparison, we also estimated M,, using other
empirical equations utilizing seismic moment and fault area
estimates (derived from calculations above), and fault
seafloor rupture lengths and slip rates from field measure-
ments, as in Figure 2 and Tables 3 and 4 [e.g., Hanks and
Kanamori, 1979; Wells and Coppersmith, 1994; Anderson
et al., 1996; Stirling et al., 2002a, 2002b]. Many of these
empirical methods have been developed essentially from
and applied to normal fault systems, although Barnes et al.
[2002] undertook an earthquake recurrence analysis on the
Lachlan Thrust Fault in the offshore forearc environment of
the Hikurangi subduction system in Hawkes Bay, New
Zealand. Here, we apply similar techniques for the first
time to the reactivated reverse faults of the KMFS in the
back-arc environment of the same subduction margin.

3.5. Errors in Horizon Definition From Seismic
Reflection Data

[27] Errors on horizon depth in two-way traveltime inter-
preted on the 3.5 kHz profiles are estimated to be £0.25 ms
(i.e., ~20 cm at 1600 m s~ ). Errors on the velocities used
for depth conversions of MCS data are given by the
standard deviations from the mean calculations, and are
approximately 5—10% at shallow depths [Lamarche et al.,
2005]. The largest uncertainty on displacement measure-
ments arise from asymmetric fault drag adjacent to fault
planes observed in foot walls and hanging walls and across
seafloor scarps. Lamarche et al. [2005] estimated an overall
relative error of £30% for the slip rates derived from MCS
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Table 4. Earthquake Parameters of Moment Magnitude M,,, Seismic Moment M,,, Single-Event Displacement, and Recurrence Interval
for the Faults of the Offshore Kapiti-Manawatu Fault System®

Seismic Moment M,,?
x 10%° dyn cm

Single-Event

Moment Magnitude M,,° Displacement SED,® m Recurrence Interval (R1, years)®

Fault Name” Min Mw Max Min M, Max Min SED Max Min RI Max
Kapiti 6.6 6.7 6.9 9.0 14.8 22.9 0.8 1.3 1.8 402 3068 33074
Kapiti (total) 7.0 7.1 7.3 36.2 59.4 92.2 1.7 2.6 3.7 804 6137 66168
Mascarin (S) 6.8 6.9 7.0 17.7 25.8 359 1.0 1.4 1.8 314 23259 29850
Mascarin (N) 6.6 6.7 6.8 8.6 124 17.3 0.8 1.1 14 5310 1834 23416
Mascarin (total)® 7.3 7.4 7.5 87.7 127.3 177.2 1.7 2.4 3.1 535 39614 50840
Okupe™ 6.1 6.2 6.3 14 2.0 2.7 0.4 0.6 0.8 285 1041 1430
Okupe (total) 6.9 7.0 7.1 232 33.7 46.9 1.1 1.5 2.0 735 2689 3691
Onepoto (S)" 6.3 6.4 6.5 32 4.6 6.4 0.6 0.8 1.0 6923 14449 109404
Onepoto (C)' 5.8 5.9 6.0 0.5 0.8 1.1 0.3 0.4 0.6 216 781 5047
Onepoto (N) 6.6 6.7 6.8 9.9 14.3 20.0 0.8 1.2 1.5 568 2058 3991
Onepoto (total) 7.2 7.3 7.4 78.4 113.8 158.4 1.7 2.3 2.9 1653 5869 18018
Otaheke (N) 6.5 6.6 6.7 6.0 8.8 12.2 0.7 1.0 1.3 603 942 1411
Otaheke (N) (total) 7.0 7.1 7.2 325 47.1 65.6 1.3 1.7 22 1056 1651 2471
Otaheke-Rangatira' 5.7 5.8 6.0 0.4 0.6 1.0 0.2 0.3 0.4 103 623 3564
Rangitikei 6.6 6.7 6.8 8.7 12.6 17.5 0.8 1.1 14 779 1614 6504
Rangitikei (total) 6.9 7.0 7.1 27.7 40.2 56.0 1.2 1.6 2.1 1147 2377 9578
Tangimoana' » 6.2 6.3 6.5 22 3.6 5.6 0.4 0.6 0.9
Tangimoana (total)' 6.3 6.5 6.6 3.5 5.7 8.9 0.5 0.8 1.1
Wairaka® 6.6 6.7 6.8 7.6 12.5 19.3 0.8 1.2 1.7 1470 3316 7594
Waitarere (N) 6.5 6.6 6.7 6.2 9.0 12.6 0.7 1.0 1.3 1089 9805 91229
Waitarere (S) 6.6 6.7 6.8 8.7 12.6 17.5 0.8 1.1 1.4
Waitarere (total) 7.0 7.1 7.2 374 54.4 75.7 1.3 1.8 2.3 1980 17829 165890

ISED, single-event displacement; RI, recurrence interval. Definitions and abbreviations are as in Table 3 (this study).

®Fault names are from Table 2 of Lamarche et al. [2005].

“Minimum, preferred, and maximum values of the earthquake moment magnitude expected to accompany rupture of the fault. All values are calculated
from the equations: M,, = 3.39 + 1/33log;oA for normal faults [Villamor et al., 2001] and M,, = 4.18 + 2/3log;(W + 4/3log;oL for reverse and reverse-
oblique faults [Berryman et al., 2002] where A is fault area, W is fault width based on fault length (L) and assuming a fault dip of 70° (Table 3).

Minimum, preferred, and maximum values of seismic moment based on estimated earthquake moment magnitude, where log;o(M,) = 16.05 + 1.5M,,
[Hanks and Kanamori, 1979].

“Minimum, preferred, and maximum values of the single-event displacement for the fault with scaling factors to relate subsurface to surface
displacement. SED is derived from the equation of 4ki and Richards [1980]: Mo = uA(SED), where 1 is rigidity modulus (3 x 10" dyn cm [Brune, 1968]),
A is fault area, and SED is single-event displacement. Note 10° cm = 1 km. For minimum, preferred, and maximum SED the scaling factors are 0.7, 0.8,
and 1.0, respectively, i.e., between 70% and 100% of the displacement at depth is registered at the ground surface [Villamor et al., 2001; Berryman et al.,
2002; Stirling et al., 2002b].

"Minimum, preferred, and maximum values of recurrence interval (RI), in years between earthquake events. The values are derived by dividing the
various values of SED by the slip rate (Table 3) where RI = D/SR.

#Assuming no segmentation along the fault [e.g., Lamarche et al., 2005].

"For northern offshore sections of the Okupe and Wairaka faults only, except for the fault length of Okupe (total), which is for the entire subsurface extent
of the fault.

'Fault lengths (Table 3) are shorter than the assumed seismogenic depth of 15 km, as supported by seismological and other geological data from the
region [Smith, 1979; Garrick and Gibowicz, 1983; Townsend, 1998] (also see note d in Table 3) and hence result in an unrealistic shape ratio (L/15) of <1
for these fault sources. These data are included here for completeness but have been excluded from further analyses of the earthquake source data, as

presented in the text.

data, representing the sum of the relative errors associated
with sound velocity estimates (5%), displacement measure-
ments (15%) and reflector age estimates (15%). The errors
for displacement measurements made on high-resolution
geophysical data (3.5 kHz and Uniboom) are estimated to
be ~5%, while those on the age of the PGS from radiocar-
bon dating are 7% (Table 1), yielding a total relative error
on the slip rate derived from the high-resolution data of
+12%.

4. Results

4.1. Late Quaternary Stratigraphy of Offshore Kapiti-
Manawatu
4.1.1. The 3.5 kHz and Uniboom Data

[28] There is a pronounced break in slope approximately
7-10 km offshore at water depths of 60—70 m (gradient of
1:100 to 1:170, <1°), representing the modern-day near-

shore sediment wedge deposited westward from the present
coastline along the Kapiti-Manawatu coast [e.g., Dunbar
and Barrett, 2005] (Figures 2 and 5). Here, a moderately
strong, inclined planar reflector within the wedge
(reflector A) laps onto a regular, subhorizontal opaque
reflector (reflector B), corresponding to the post-last glacial
erosion surface (PGS) (see later). Near the base of the
nearshore sediment wedge, reflector A is truncated at the
seafloor while reflector B becomes more subparallel with an
overlying, semiopaque upper unit, thickening westward
from <5 to 15 ms (Figure 5). Beneath reflector B, subsur-
face reflectors are inclined, chaotic and/or truncated. Gas
masking of sediments occurs at shallow sediment depths on
the inshore upper part of the modern wedge (Figures 2 and
5a). The upper surface of the wedge is also locally deformed
by faults (Figures 5 and 6).

[20] To the west of the nearshore wedge, the uppermost
semiopaque layer above reflector B becomes progressively
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Figure 5. Deformation at the foot of the nearshore sediment wedge, showing active faults, inferred ages
of seismic reflectors and core logs. (a) The 3.5 kHz profile CR3048-line 29. (b) CR3048-line 62. PGS is
the post-last glacial erosion surface associated with the last marine transgression between 20 and 6.5 ka.
The diachronous age of the PGS as dated at specific core locations is indicated. (MCS) indicates that
faults are identified on MCS profiles only and have no surface expression (e.g., Onepoto Fault). Faults
are indicated with a bold line with the sense of movement, as interpreted from MCS profiles, indicated
with a half arrow. Profile locations are shown on Figure 2.

buried (up to 15 ms deep) and more transparent in character
(Figure 5b). This layer overlies buried sand ridges on the
inner continental shelf, which are opaque units with a
smoothly undulating, strong reflector at their upper surface
[e.g., Gillespie et al., 1998].

WEST

[30] Packets of unconformity bound units, comprising
numerous subparallel, inclined reflectors, are interspersed
between basement features and are commonly truncated at
the seafloor, especially west of Kapiti Island (Figure 7).
Seismic penetration was generally good in these areas (often
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Figure 6. Uniboom profile across northern part of the nearshore sediment wedge; TAN0105-line B20.
Profile location is shown on Figure 2.

13 of 25



B12102

WEST

NODDER ET AL.: OFFSHORE EARTHQUAKE FAULT PARAMETERS

B12102

EAST

Waitarere Fault

Okupe Fault Onepoto Fault

10m /
VE~27 | @1600 m/s /

0.5 km

Figure 7. High seafloor scarps in semiconsolidated Plio-Pleistocene sedimentary rocks in zone I of the
KMFS, northwest of Kapiti Island; 3.5 kHz profile CR3048-line 65. Profile location is shown on Figure 2.

>25 ms). These units represent Plio-Pleistocene sediments
[e.g., Lewis et al., 1994] that at certain localities lic on
irregular unconformities, commonly marking the upper
surface of underlying acoustically opaque basement rocks.
In addition, on the seaward side of the Mascarin Fault,
which is marked by a bathymetric break-in-slope on the
inner shelf at water depths of 40—80 m, a thickening wedge
of possibly mainly post-last glacial sediment with vertical
stacking of several channel sequences is also apparent
(Figure 3d).
4.1.2. Core Data

[31] Suitable shells and wood for radiocarbon dating
were obtained from sedimentary units overlying or
corresponding to seismic reflectors identified in 3.5 kHz
records (Table 1 and Figure 5). Core analysis suggests that
the post-last glacial erosion surface (reflector B or PGS), is
characterized lithologically by large angular shell fragments
(mainly shallow water bivalves, Pecten novaezelandiae,
Talochlamys gemmulata, oyster fragments) and occasional
well-rounded pebbles in a silty sand matrix (Table 1 and
Figure 5). The coarse-grained layer is underlain by moder-
ately well sorted, fine-medium gravelly and shelly silty
sands and overlain by grey olive-green sandy silts with
small, subangular shell fragments. The uppermost sandy
silts represent recent deposits, dated as late Haweran
(oxygen isotope stage 1) using nannobiostratigraphy
(Table 2). Compact, grey-green to blue-grey silty deposits,
corresponding to the well-bedded packages of subsurface
reflectors west and south of Kapiti Island (Figure 7), are dated
generally as early to middle Pleistocene in age (New Zealand
stages upper Nukumaruan to lower Castlecliffian), and contain
numerous reworked Oligocene to early Miocene nannoflora
(Table 2), as documented previously in the region by Lewis et
al. [1994].

[32] The strong near-surface reflector B (PGS) represents
a lag deposit associated with the erosional hiatus caused by
the post-last glacial marine transgression, and has an aver-
age '*C age of ~10 800 calendar (cal) years B.P. (range:
10,125-11,618 cal years B.P., 2 standard deviations) (Lab
sample Wk7488, Table 1). The interpretation is supported
by an independent estimate of the rate of the post-last
glacial marine transgression across the Taranaki-Wanganui
shelf. The 10—11 ka transgressive ravinement surface is
located at ~70 m below present sea level off the Manawatu
coast (Figure 5a) and the equivalent reflector, dated at 14—
15 ka on the outer Taranaki shelf, occurs at 119 m below sea
level (sample Wk1890 [Nodder, 1994]). These data suggest

that sea level transgressed at an average rate of ~12 mma "

across the Taranaki-Wanganui shelf, which agrees reason-
ably well with Carter et al.’s [1986] “SW Pacific” rate of
8—10 mm a ', especially if the WB has also subsided at a
rate of 1-2 mm a~ ' over this time period [e.g., Anderton,
1981; Norris and Grant-Taylor, 1989; Proust et al., 2005].
Therefore an age of 10.8 ka was adopted for the PGS in the
coastal region of the Wanganui Basin, and used in subse-
quent determination of earthquake source parameters, such
as fault slip rates.

4.2. Seafloor Scarps and Near-Surface Deformation

[33] Seafloor scarps and near-surface deformation are
observed for most of the main structures within the KMFS
(Figure 2 and Figures 5—10). Mainly on the basis of the
distribution of seafloor scarps, three major zones of recent
deformation occur within the offshore KMFS: (1) zone 1
around Kapiti Island is characterized by the development of
large, often eroded seafloor scarps (~10—30 m high) on the
Waitarere, Okupe, Otaheke, Rangatira and Wairaka faults;
(2) zone II by moderate scarp development (~1—5 m high)
on the Kapiti and northern section of the Waitarere Fault
and minor seafloor offsets on the Onepoto, Okupe and
Mascarin faults; and (3) zone III by prominent bathymetric
changes in seafloor slope (>10 m high) that are possibly
surface expressions of the Mascarin, Onepoto, Rangitikei,
Otaheke and Tangimoana faults (Figure 2). Zone II may be
further subdivided into an offshore subzone where defor-
mation is dominated by the Waitarere and Mascarin faults
and an inshore zone in the southern part of zone II
characterized by smaller scarps (1—3 m high) on the Kapiti,
Onepoto and Okupe faults. Neotectonic deformation char-
acteristics in each of the three main zones are considered in
detail below.

4.2.1. Zone I: Kapiti Island

[34] The highest seafloor scarps in the KMFS are located
immediately north and west of Kapiti Island on 5—12 km
long sections of the Waitarere and Otaheke/Rangatira faults
(Figure 2). West of Kapiti Island, seafloor elevations of 25—
30 m and 15 m are observed in eroded Plio-Pleistocene
sediments along the Waitarere and Okupe faults over dis-
tances of 17 and 5—6 km, respectively (Figure 7). These
estimates represent minimum values due to extensive ero-
sion of the seafloor at these localities. East of Kapiti Island
in Rauoterangi Channel, it is difficult to determine whether
the prominent 15—22 m high bathymetric slopes that define
the western and eastern sides of the channel are related to

14 of 25



B12102 NODDER ET AL.: OFFSHORE EARTHQUAKE FAULT PARAMETERS B12102

@ Otaheke Fault Rangatira Fault (onland Kapiti Is.)
|v 50 ms
0.5 km
£
1S
€
o|8 VE-27
@ t
Pt ey
! }_’ Y ‘Reflector B E
Mq0- 11 kyr-old horlzon (PGS) F

T

WEST Onepoto Fault (MCS) Rangitikei Fault Tangimoana Fault EAST

T ¢ =

% +..10-11 kyr-old horizon (PGS)

- 50 ms

TWT

75 ms

10m
VE~27 | @1600 m/s

0.5 km

100 ms

Figure 8. Influence of near-surface deformation on nearshore bathymetric features. (a) Subsurface
faulting and channel margin development in the Rauoterangi Channel between Kapiti Island and the
coast. 3.5 kHz profile CR3048-line 32. (b) Steep bathymetric slopes off Manawatu river mouth. (MCS)
indicates that faults are identified on MCS profiles only and have no surface expression; 3.5 kHz profile
TANO105-line 24. Profile locations are shown on Figure 2.

EAST

WEST

Mascarin Fault

75 ms

VE ~ 27 10m
@1600 m/s

0.5 km
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with Mascarin Fault deformation. White lines indicate paleochannels formed either during the last glacial
lowstand in sea level or stillstands during the subsequent transgression; Uniboom profile TAN0105-B15.
Profile location is shown on Figure 2.
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faulting activity. Certainly, traces of the Otaheke/Rangatira
and Wairaka faults underlie the channel flanks and defor-
mation of near-surface reflectors is recognized from shallow
seismic reflection profiles (Figure 8a). These observations
indicate that channel morphology is probably controlled
structurally by late Quaternary deformation. If this is the
case then the Otaheke Fault may have near-surface expres-
sion over a distance of 20—30 km with significant bathy-
metric relief along its entire length. In comparison, while
subsurface deformation on the Wairaka Fault suggests a
maximum fault length of 16—17 km, there is significant
bathymetric expression of this recent activity only over a
central 3 km long section of the fault (Figure 2).

[35] Late Quaternary slip rates in zone I range from
0.1 mm a~' to a maximum of 1.7 mm a ' on the
Otaheke/Rangatira fault trace north of Kapiti Island. The
high slip rate estimates of >1.5 mm a~' for certain sections
of the faults in zone I (e.g., Otaheke/Rangatira and Okupe
faults) and lack of slip rate data for others reflect difficulties
in correlating reflectors between geophysical lines due to
poor seismic penetration at shallow water depths (e.g.,
Otaheke/Rangatira and Wairaka faults) and limited age
control of deformed, near-surface reflectors (e.g., eroded
southern sections of Waitarere and Okupe faults). Slip rates
in this zone are typically low (<0.4 mm a™ '), and associated
with high surface displacements, characterized by often
eroded, 10—30 m high seafloor scarps, and with variable
seismic moment estimates (~1—50 x 10*° dyn cm) (Table 3).
4.2.2. Zone II: Kapiti Island to Manawatu River

[36] Between Kapiti Island and the mouth of the Mana-
watu River, prominent seafloor scarps up to 10—11 m in
height are identified along the northern part of the Waitarere
Fault (Figure 2). Lower offsets are observed on the Kapiti
and the southern part of the Onepoto Fault, with scarp
heights of 3—5 and 1-2 m, respectively. As surface relief on
the Kapiti Fault diminishes to the north, deformation
appears to be taken up on the 17 km long northern section
of the Waitarere Fault and perhaps on the Mascarin Fault
further to the west. In addition, a localized, 2—6 km long
strand of the Okupe Fault appears to accommodate a portion
of the near-surface deformation between the southern and
northern sections of the Waitarere Fault, as evinced by a
pronounced seafloor scarp between 2 and 4 m in height
(Figures 2 and 5b). Northeast of here, the Kapiti Fault is

recognized by a nearly continuous, linear seafloor scarp that
is formed along and deforms locally the base of the modern
nearshore sediment wedge (Figure 5).

[37] A small, 1-2 m high, very localized scarp on the
Onepoto Fault occurs immediately west of the surface trace
of the Kapiti Fault where seafloor relief on the latter seems
to be subdued, although significant deformation (up to 8 m
vertical offset) of the near-surface 10.8 ka post-last glacial
reflector is apparent (Figure 2). Seaward of the modern
nearshore sediment wedge, subsurface deformation of the
10.8 ka post-last glacial surface is observed along the
Onepoto Fault. Vertical offsets of 1-5 m, rising to 14—
16 m at the northern end of the fault trace, are found on this
reflector, but this deformation is not associated with a
seafloor scarp (Figure 5b). Similarly, subsurface offsets of
5 and 10—13 m on the PGS are observed on short sections
of the Otaheke and Moana faults, respectively, without
associated deformation of the seafloor (Figure 6).

[38] Slip rates on these faults are generally low to very
low (<0.2 mm a~ ') with small seismic moment estimates
(<15 x 10% dyn cm), except on the entire Kapiti Fault with
M, estimates has high as 90 x 10> dyn cm (Table 3). A
maximum slip rate of 2.1 mm a ' was calculated on the
Kapiti Fault, compared to an average slip rate estimated
from several locations along the fault of 0.4 = 0.3 mma .
4.2.3. Zone III: Mascarin Fault and Deformation of the
Nearshore Sediment Wedge

[39] The Mascarin Fault is recognized by Lamarche et al.
[2005] as the westernmost and largest fault within the
KMEFS. From seafloor and subsurface profiles, a marked
break in the regional bathymetric slope in the north of the
study area is interpreted as a seafloor flexure controlled by
the underlying Mascarin Fault (Figures 2 and 3a). Here,
seafloor height offsets of 9—15 m over a lateral extent of
17—21 km are observed and a substantial wedge of last-post
glacial sediment has accumulated on the downthrown side
of the fault and effectively smothered its active seafloor
trace (Figures 3d and 9). Small, localized seafloor scarps
(2-3 m in height) associated with splays from the main
Mascarin Fault trace (Ma2 and Ma3) are also present close
to the coastline in the north (Figure 2). Between 40 and
65 km along the Mascarin Fault, seafloor scarps of 2—4 m
are observed, although, since the low-relief scarp front is
parallel to regional bathymetric contours and there is poor
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Figure 2).

resolution of seismic profiles at these shallow water depths,
it is difficult to make an unambiguous conclusion that there
is a continuous seafloor scarp. If the scarp is continuous
along the Mascarin Fault, the fault would have a maximum
seafloor rupture length of 54 km (Table 3). On the contrary,
if there is no scarp continuity across seismic lines, the fault
length could be as low as 10—12 km (Figure 2), but this is
unlikely given the unambiguous continuous nature of the
structure from MCS data [Lamarche et al., 2005]. South of
40°35’S, the Mascarin Fault essentially becomes a basement
feature, with active deformation occurring on other struc-
tures to the east of the fault near Kapiti Island (see below).

[40] Inshore of the Kapiti Fault, a pronounced change in
the bathymetric slope halfway up the nearshore sediment
wedge is located above the Otaheke Fault, as imaged on
MCS profiles. It is not obvious, however, that near-surface
horizons have been displaced due to pervasive gas masking
within the wedge. This zone of gas masking extends over a
distance of 22 km across the inferred boundary between
zones II and III (Figure 2), where it is associated with small
breaks in the slope, which probably represent the near-
surface location of the Otaheke Fault, as confirmed by MCS
data (Figure 5a). The gas masking stops where the break in
slope bifurcates northward into two distinct areas of steeper
slope on the upper surface of the sediment wedge between
Manawatu and Rangitikei rivers (Figure 2).

[41] From just south of the Manawatu River northward to
the Rangitikei River mouth, two contiguous zones of steep
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bathymetric relief on the westward dipping surface of the
nearshore sediment wedge correspond to the seafloor
expressions of the Rangitikei and Tangimoana faults
(Figures 2 and 8b). Steeply dipping reflectors, associated
with the Tangimoana Fault, are exposed at the seafloor atop
a prominent 23—32 m high slope over a lateral distance of
about 10 km. West of the Tangimoana Fault and along the
toe of the nearshore sediment wedge, the 11—-19 m high
slope, representing the surface expression of the Rangitikei
Fault, is associated with vertical offsets on the 10.8 ka
reflector in the order of 10—23 m. These subsurface offsets
remain high, even as the slope/scarp height decreases
progressively to the north (Figure 2). The Rangitikei Fault
may have surface expression over a distance of about 21 km,
assuming continuity between these zones of substantial
offset and bathymetric relief, but alternatively could be
broken up into several, less extensive segments ranging in
length from 3 to 7 km.

[42] To summarize, zone III is dominated by fault struc-
tures that have high surface offsets (~10—30 m), moderate
to high slip rates (>0.1-3.0 mm a~') and high seismic
moment potential (up to maximums of 160—180 x 10> dyn
cm (Table 3). In some cases, correlation of reflectors
between seismic lines was hampered by difficulties in
imaging subsurface reflectors due to the rough sea state
during surveying (e.g., Mascarin, Rangitikei and Onepoto
faults). Nonetheless, in general, it appears that faults in zone
III represent the most active structures in the KMFS.

5. Discussion
5.1. Styles of Neotectonic Deformation

[43] Spatial patterns of deformation within the offshore
KMFS indicate that the highest levels of neotectonic defor-
mation are concentrated in the south and north of the study
area (zones I and III, respectively) (Figures 11 and 12). In
zone I, the vertical offset estimates are also likely to be
minimum values due to considerable seafloor erosion,
related to strong tidal current scour in the northern part of
Cook Strait [Carter, 1992]. In addition, it is difficult to trace
these structures south of Kapiti Island since seafloor scarps
in semiconsolidated, well-bedded Plio-Pleistocene rocks
become heavily modified by erosional processes in the
narrows [Lewis et al., 1994; NIWA, unpublished data,
2005].

[44] In zone III and inshore of Kapiti Island in zone I,
there is some uncertainty whether pronounced bathymetric
slopes in these areas are the result solely of active defor-
mation, or if they have been formed and modified by
prevailing long-shore currents and/or waves. The close
spatial relationships between these breaks in slope and the
location of large offset basement structures, however, does
not appear to be coincidental, as these relationships are
confirmed by MCS data (Figure 2), and supports the
contention that the location of these steep slopes are
controlled directly by the underlying faults. These observa-
tions highlight some of the inherent difficulties with deriv-
ing earthquake source parameters, such as slip rates, from
seafloor scarps. In particular, definition of the age of the
seafloor is difficult, especially in areas of high erosion and/
or nearshore sediment transport where fault scarp heights,
and hence displacements, may be diminished or accentuated
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by oceanographic and sedimentary processes. Therefore, in
certain cases, morphologic information from seafloor scarps
may provide minimum estimates of earthquake source
parameters, such as in highly erosive environments, or
maximum estimates where underlying structures are empha-
sized by sedimentary processes, such as current channeling.

[45] Across the KMFS, recent fault activity, as defined by
the lateral extent of seafloor scarps (Figure 2), matches very
closely the spatial patterns of long-term displacement on the
faults, as represented by vertical offset on a late Quaternary
horizon (H1, estimated to be 120 ka old or possibly 260 ka
old [Proust et al., 2005]) (Figure 13). This observation
supports the assertion made by Lamarche et al. [2005] that
fault length in the KMFS is likely to have been initiated
early in the evolution of the fault zone and that fault growth
was achieved largely by increases in displacement with
near-constant fault lengths. The early acquisition of fault
lengths in the KMFS is consistent with reactivation of
preexisting extensional structures under a constant regional
strain regime [Lamarche et al., 2005]. In the case of the
KMEFS, the close spatial relationships between zones of
maximum offset throughout the late Quaternary and espe-
cially the post-20 ka period (Figure 13) indicates that the
reactivated reverse faults in the KMFS have behaved in a
similar way to normal faults in other systems where fault
growth has been facilitated mainly by increasing displace-
ment with near-constant fault lengths. This conclusion
favors fault growth models advocated by Walsh et al.
[2002] and others [e.g., Morewood and Roberts, 2002;
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Nicol et al., 2005], which had previously been applied
essentially to normal fault systems, until Lamarche et al.
[2005] demonstrated the existence of a similar pattern for
reactivated reverse structures in the offshore KMFS. The
present study demonstrates that this long-term behavior
over the geological history of the fault also persists into
recent times with similar spatial patterns observed for
deformation of the post-last glacial erosion surface (10.8 a
old) and the 120 or 260 a old HI horizon (Figure 13).

5.2. Comparison of Short- and Long-Term Slip Rates

[46] The range of late Quaternary slip rates obtained for
each fault in the KMFS are reasonably consistent with long-
term estimates as documented over the last 120 ka (Table 3).
The geological slip rates were estimated to range from
0.2 mm a ' on the Wairaka Fault to 1.8 mm a~' on the
Mascarin Fault by Lamarche et al. [2005]. Typically, the
minimum and maximum slip rate estimates from the neo-
tectonic data either bracket the 120 ka values, or the long-
term rates lie at the lower end of the range of values from
the present study, except for the Rangitikei Fault, where the
120 ka slip rate is about 50% higher than the maximum
neotectonic estimate (Table 3).

[47] The highest maximum long-term slip rates in the
offshore KMFS were found on the Mascarin Fault with
vertical displacement rates over the last 1.35 Ma ranging
from 0.5 to —0.7 mm a~ ' from 1350 to 120 ka, possibly
increasing to 1.3 mm a~! from 120 ka to present [Lamarche
et al., 2005]. Interpretation of late Quaternary deformation
data suggests similar slip rates on the Mascarin Fault,
ranging from 0.1 to 3.3 mm a ' over the last ~11 ka,
decreasing southward along the fault. The Onepoto and
Rangitikei faults exhibit average long-term slip rates of
0.25-0.5 mm a_l, with maximum rates of 1.3 and
1.5 mm a~', respectively, occurring in the last 120 ka
(Table 3). The average long-term rates are comparable to
the short-term rates for Onepoto (~0.1 mm a ' on the
southern section and 0.6 + 0.5 mm a~' on the northern
section), but higher than that estimated for the Rangitikei
Fault from neotectonic data (0.7 + 0.4 mma ™', Table 3). The
remaining faults within the offshore KMFS have long-
term slip rates over the last 1.35 Ma of generally less than
0.2mma ', which seems to be overestimated by the average
short-term rates of 0.4—1.1 mm a~' (Table 3). The only
exception is the Waitarere Fault where the geological and
neotectonic slip rates are similar at ~0.1 mm a~'.

[48] The observations that average and maximum short-
term slip rates are higher than geological rates, possibly
reflect an increase in slip rates over the last 120 ka,
compared to the previous 2.5 Ma, as proposed by Lamarche
et al. [2005]. In this regard, maximum short-term slip rates
on the KMFS faults are often >1 mm a ', such that the
short-term data perhaps confirm a substantial increase in the
seismic hazard potential of the KMFS over the last 20 ka.
There is the possibility, however, that the age of the
youngest unconformity imaged on MCS profiles in the
WB may be 260 ka [Lamarche et al., 2005; Proust et al.,
2005], which would effectively halve the long-term, post-
120 ka slip rates given in Table 3. This would mean that the
average short-term slip rates for the last 20 ka are possibly
even closer to the long-term geological estimates for some
faults (e.g., Kapiti, Rangitikei), but greater than the geolog-
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Figure 13. Vertical displacement (in meters) and projected distance (in kilometers) along all faults of
the KMFS measured on horizon H1 (120 or 260 + ~20 ka [Lamarche et al., 2005; Proust et al., 2005])
shown in Figures 13a (bottom), 13b (bottom), and 13c (bottom), each of which represent the neotectonic
deformation zones of the KMFS for zones I, II and II, respectively (see text for details). The lateral
extents of seafloor scarps and near-surface deformation (where scarps are not present) are depicted in
Figures 13a (top), 13b (top), and 13c (top) for zones I, II, and III, respectively. The vertical profiles are
depicted for seafloor offsets only and are scaled relative to each other. Faults are grouped in each
neotectonic zone based on common fault attributes and close spatial relationships of mapped faults (see
text for details). The N23°E axis origin used for calculating the projected distance is shown on Figure 2.
PGS, post-last glacial erosion surface; E, eroded scarp.

ical rates estimated for others (e.g., Mascarin, Otaheke (N),
Okupe, Waitarere (N)).

[49] The spatial mapping of neotectonic features in the
KMFS closely matches zones of maximum offset measured
on older time horizons [Lamarche et al., 2005] (Figure 13).
This observation indicates that the modern-day deformation
is reflecting long-term trends in fault activity on the struc-
tures in the KMFS. Active faults in zone III to the north are
linked to large structures mapped previously onshore, such
as the Turakina, Rangitikei and possibly Rauoterangi faults
[Hunt, 1980; Anderton, 1981; Lamarche et al., 2005]

(Figure 2). Onshore, these active faults and associated
splays bound several growing, asymmetric anticlinal struc-
tures in Manawatu west of the main uplifted Axial Ranges
[Te Punga, 1957; Anderton, 1981; Melhuish et al., 1996;
Jackson et al., 1998]. The minimum and average late
Quaternary and post-20 ka rates determined in the offshore
KMFS are comparable with previous estimates of slip rates
on the anticlinal structures (0.1-0.3 mm a~' [Melhuish et
al., 1996]), but are closer to the lowermost estimates of the
long- and short-term average slip rates in the KMFS,

ranging from 0.2 to 1.8 mm a ' and 0.1 to 1.0 mm a ',
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respectively (Table 3). Across the KMFS, the highest slip
rates and seafloor offsets are found in the north in zone III
before the faults pass onshore into Manawatu and in zone |
to the south around Kapiti Island. In the central reaches of
the KMFS in zone I, slip rates and vertical offsets are more
subdued, although the occurrence of seafloor scarps and
displacements on near-surface reflectors is more definitive
than to the north and south where there is some ambiguity in
interpretation (Figure 2).

5.3. Earthquake Source Parameterization

5.3.1. Seafloor Offsets and Fault Seafloor Rupture
Lengths

[s0] Near-surface deformation data indicate that fault
seafloor rupture lengths within the KMFS are generally
10—-20 km with a maximum of about 50 km estimated for
the Mascarin Fault (Table 3). Onshore expression of active
faults and folds in lower North Island are also of this order,
ranging from <5 to ~20 km lengths [e.g., Melhuish et al.,
1996; van Dissen and Berryman, 1996; Heron et al., 1998;
Jackson et al., 1998] and up to 55 km as estimated for the
Ohariu Fault [Litchfield et al., 2004] to a maximum of
90 km, including the North Ohariu section [Stirling et al.,
2002a]. Fault lengths based on seafloor rupture character-
istics in the KMFS are on average ~50% less than those
estimated from the subsurface lateral extent of the fault
determined from deep geophysical studies (Table 3). This
observation is consistent with other interpretations of the
rupture characteristics of historical earthquakes, where it is
recognized that seafloor rupture length is generally shorter
than the subsurface rupture length for a given earthquake
[e.g., Stirling et al., 2002a]. Perhaps these observations
indicate that (1) Lgypsurface 1S representative of fault rupture
over much longer time periods than those represented by
seafloor ruptures, (2) Lgupsurface @pproximates the location
of surface-rupturing earthquake events that occur on what
are essentially continuous or linked faults at depth [e.g.,
Walsh et al., 2003], or (3) the surface expression of a fault
only accounts for a small part of the maximum extension
due to the ellipsoidal shape of faults [Kim and Sanderson,
2005], although given that the subsurface depths from
which such lengths are calculated are relatively shallow,
curvature of elliptical tip lines is unlikely to fully account
for this factor.

[51] Seafloor fault scarps in the KMFS range from 2.3 to
30 m in height (Table 3). As discussed previously, based on
observations of onshore [van Dissen and Berryman, 1996;
Heron et al., 1998] and offshore faults in the region
[Nodder, 1993, 1994; Nicol et al., 2005], it is likely that
the highest scarps in the KMFS on the seafloor (i.e., those
>5 m high) represent multiple paleoearthquake surface-
rupturing events. Since the subsurface data resolution is
not sufficient to determine individual earthquake offsets,
this interpretation was tested using the empirical relation-
ships between fault length and displacement of Wells and
Coppersmith [1994]. This analysis indicates that the
expected surface offsets in the KMFS, based on seafloor
rupture length, are considerably lower (by ~2—100x) than
those actually measured across all the KMFS faults (data
not shown, available upon request), which supports the
assertion that the larger KMFS scarps probably represent
multiple earthquake surface-rupturing events.
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5.3.2. Estimates of M,, Using Empirical Relations

[52] Earthquake moment magnitudes (My,) of 5.7 to 7.5
are calculated for the KMFS using an empirical approach
with equations from Villamor et al. [2001] and Berryman et
al. [2002] (Table 4). This analysis assumes that the observed
seafloor ruptures on faults in the KMFS behave character-
istically, in that the faults rupture in a similar manner along
their entire length or along individual fault segments during
a single earthquake.

[53] Since M,, < 6.5 are unrealistic based on fault
aspect ratios (see footnote i in Table 4), these data are
excluded from further analysis. Reducing the fault width
of earthquake sources with My, between 5.7 and 6.5 so
that the aspect ratio is equal or greater than 1 may not be
appropriate because this would imply a seismogenic zone
of ~6 km, which is unsubstantiated from seismological
and geological studies in the region [Smith, 1979; Garrick
and Gibowicz, 1983; Townsend, 1998]. In any case,
reducing fault width to an aspect ratio = 1 for faults with
short rupture lengths would result in only a small reduc-
tion in M,, but a commensurate decrease in recurrence
interval.

[s4] Excluding those data sources where M,, < 6.5
suggests an overall mean My, for all potential earthquake
fault sources in the KMFS of 6.9 £ 0.3 (+1 standard
deviation, n = 52 from minimum, preferred and maximum
moment magnitudes given in Table 4). Including those
faults where M,, < 6.5 and assuming an aspect ratio of 1,
only changes this average by 0.3 magnitude points to 6.6 =
0.6. Average M,, calculated for faults within the deforma-
tion structural zones proposed above are similar (e.g., zone I:
69+0.2, n=12, zone II: 7.0 + 0.3, n = 22, zone III: 6.9 +
0.3, n = 24). For comparative purposes, a number of
previous empirical relationships were used to estimate M,,
(Figure 14), and average M,, values were also calculated for
each of the faults, ranging from 6.0 + 0.2 (1 standard
deviation, n = 12) on the Otaheke-Rangatira Fault to 7.3 +
0.1 (n = 12) on the Mascarin Fault (data not shown,
available upon request). In general, estimates of M,, made
using fault area, fault length, slip rate, seismic moment and
single-event displacements were similar (Figure 14).

[s51 Hemphill-Haley and Weldon [1999] described a
statistical approach that used point estimates of surface fault
offsets to determine prehistoric earthquake rupture events
and to propose upper and lower bounds of potential earth-
quake magnitude, based on the Wells and Coppersmith
[1994] relations between magnitude and average displace-
ment. This statistical approach probably warrants wider
application in the offshore environment since in many
instances only the dimensions of vertical seafloor offsets
can be ascertained along a seabed fault scarp. In applying
this technique to the KMFS, however, only the Kapiti and
Rangitikei faults can be used because only they satisfacto-
rily meet the sampling criteria suggested by Hemphill-Haley
and Weldon [1999]. In particular, for these two faults there
was approximately 100% sample coverage along each fault
rupture length with more than three to five measurements of
surface displacement along the fault; actually » = 6 and 5,
respectively, representing 86% and 95% coverage for the
two faults. On the basis of these measurements earthquake
magnitudes of 6.8—7.7 and 6.8—7.4 are calculated for the
Kapiti and Rangitikei faults, respectively.
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Figure 14. Moment magnitude (M,,) estimates determined from a range of empirical equations and
across all faults in the KMFS. Mean M, + 1 standard deviation for each method are depicted. The overall
mean and standard deviation range of M,, calculated using all methods across all faults in the KMFS
where estimated M,, > 6.5 are also shown (dashed line and shaded area). Only those faults with M,, >
6.5 were used here because mapped fault lengths L. < 10 km result in unrealistic fault aspect ratios (L/
Depth of seismogenic zone is 15 km) of < 1, and it is assumed that surface fault ruptures are generally
associated with earthquakes with M, > 6.5 [e.g., Stirling et al., 2002b]. The following empirical
equations were used in the mean calculations (details available from the authors upon request): (1) this
study—area: M, = 3.39 + 1/33log;o(A) for normal faults [Villamor et al., 2001] and M, = 4.18 + 2/
3log;o(W) + 4/3logo(L) for reverse and reverse-oblique faults [Berryman et al., 2002], where A = fault
area, W = fault width based on fault length (L), assuming a fault dip of 70° (as detailed in Tables 3 and 4).
(2) H&K-MoMax: M = 2/310g10(M0Max) — 10.7 from Hanks and Kanamori [1979]; M,Max
is maximum seismic moment from Table 4. (3) W&C—area: M = 4.33 + 0.90[log;(A)] for reverse faults
(> = 0.94) from Wells and Coppersmith [1994]; Min is minimum (seismogenic depth = 13 km) and Max
is maximum (seismogenic depth = 17 km) (see text for details). (4) W&C-Lg,s M = 5.00 +
1.22[log;(L)] for reverse faults (r* = 0.88) from Wells and Coppersmith [1994], Leys is seafloor rupture
length (L) in Tables 3. (5) Stirling—Lg,.x M,, = 5.45 + 0.95[logo(L) from Stirling et al. [2002a].
(6) Anderson—L&SR: M, = 5.12 + 1.16[log1(L)] — 0.20[log;¢(SR)] for all faults, standard deviation of
0.26 magnitude units, from Anderson et al. [1996], SR is slip rate as in Tables 3. (7) W&C—-SEDMax:
My, = 6.69 + 0.74[log;(o(SEDMax)] for all faults (r" = 0.78) from Wells and Coppersmith [1994] since the
W&C regression for reverse faults was not significant (at 95% CI) (r* = 0.36); SEDMax is maximum
single-event displacement as in Table 4. (8) W&C—-SED: M,, = 6.93 + 0.82[log;o(SED)] for all faults
(> = 0.75) from Wells and Coppersmith [1994] since the W&C regression for reverse faults was not
significant (at 95% CI) (> = 0.10).
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[s6] Stirling et al. [1998] and Dowrick and Rhoades
[2004] suggest that magnitudes predicted using multiregion
relations, as devised by Wells and Coppersmith [1994],
underestimate earthquake magnitudes by ~0.4 units com-
pared with New Zealand-based data. Thus the values
proposed in Figure 14 using Wells and Coppersmith equa-
tions for the KMFS are probably conservative values. While
the Wells and Coppersmith empirical relations are not
regarded as widely applicable to New Zealand faults, they
are included here as a means of comparing different
historical methods for estimating M,,. Given the surface
expression of fault rupture in the KMFS over relatively
short segments (i.e., approximately 10—20 km lengths, with
inferred single-displacement event scarp heights generally
1-5 m, Table 3), and the observations of only moderate-

sized crustal earthquakes in the Wanganui-Manawatu area
[Garrick and Gibowicz, 1983], it seems that the magnitude
estimates based on the empirical equations used in this
study are about of the right order. Consistent with our
interpretations, are the observations made by Melhuish et
al. [1996] suggesting magnitudes of M 6.5—7+ for late
Quaternary reverse deformation of the onshore Mount
Stewart-Halcombe Anticline. This structure is likely to be
cored by reverse faults that link laterally to the offshore
faults of the KMFS [e.g., Lamarche et al., 2005], and
therefore earthquake mechanisms and rupture characteristics
could be regarded as similar. Furthermore, Stirling et al.
[1998] suggested that other active anticlines in southeastern
North Island could be associated with earthquakes over a
wide range of magnitudes (M, 6.2—7.1).
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5.3.3. Recurrence Intervals

[57] KMFS faults exhibit a wide range of recurrence
intervals, ranging from minimum values of 100—-400 a to
maximums >100,000 a (Table 4). An average estimate for
the minimum recurrence interval is 1400 a and for the
maximum, 33,000 a. The lowest average recurrence inter-
vals of <5000 a were estimated for the Kapiti, Okupe
(northern section), central and northern Onepoto, Otaheke,
Otaheke-Rangatira, Rangitikei, Wairaka and Mascarin
(northern section) faults, rising to >10,000 a on most of
the other faults in the KMFS. This range of recurrence
intervals for the KMFS as a whole reflects the uncertainties
surrounding estimates of surface displacement and slip rate.
In particular, many surface offsets on the faults are most
likely the result of multiple earthquake events, and well-
constrained slip rate data were not consistently obtainable
for all the structures in the KMFS (see methods).

[s8] These late Quaternary approximations of earthquake
recurrence intervals are, however, similar to those deter-
mined for onshore neotectonic structures in Manawatu (e.g.,
several thousand years to >10,000 a [Melhuish et al., 1996;
Stirling et al., 1998]), while the lowest recurrence intervals
are similar to those determined for active strike-slip faults in
the adjacent southern North Island, such as the Ohariu and
Shepherd Gully faults (1500—7000 a [van Dissen and
Berryman, 1996; Stirling et al., 1998]).

5.3.4. Seismic Hazard Implications of Recent Faulting
in the KMFS

[59] With some maximum recurrence intervals estimated
to be >100,000 a for several faults in the offshore KMFS,
the seismic hazard in the Manawatu-Wanganui region is
regarded justifiably as “low” [Smith and Berryman, 1986;
Stirling et al., 1998, 2002b]. For numerous KMFS faults,
however, such as the Kapiti, the northern section of Okupe,
Otaheke-Rangatira, Rangitikei and the Mascarin faults,
average recurrence intervals could be of the same order as
those estimated for the strike-slip faults located further to
the south, such as the Ohariu, Shepherds Gully/Pukerua and
Wairau faults (i.e., 1500—7000 a [e.g., van Dissen and
Berryman, 1996; Heron et al., 1998; Stirling et al., 1998;
Litchfield et al., 2004]). In addition, the present study has
not taken into account the possibility that there might be
some oblique slip activity on the KMFS faults [Lamarche et
al., 2005], which would result in increased slip rates, which
would then reduce the estimated recurrence intervals for the
offshore faults.

[60] Since earthquakes of magnitude five and above can
cause significant damage to buildings, and even injuries and
deaths, there is still potential for the faults within the KMFS
to contribute to earthquake hazard in the Kapiti-Manawatu
region. For example, moderate magnitude earthquakes
occur in the region as indicated by historical data (e.g., M
6.5 earthquake off Wanganui in 1897 (G. Downes and D. J.
Dowrick, personal communication, 2006)) and by a M 6.5
carthquake off the Manawatu coast in 1991 that resulted in
over 2000 damage claims to the New Zealand Earthquake
Commission (Wanganui District Council Web site http:/
www.wanganui.govt.nz/civilDef/earthquake.html#history).
Possible tsunami deposits have also been recognized onland
on Kapiti Island, possibly resulting from surface rupturing
on nearby offshore faults [Goff et al., 2000], and local or
regional tsunami have been interpreted as being responsible
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for disrupting prehistoric human occupation along the
Kapiti coastline since 13th century A.D. [Goff and
McFadgen, 2003].

[61] Along the Kapiti-Manawatu coast, peak ground
accelerations calculated in preliminary updates of the Na-
tional Seismic Hazard model for a 475 a return period (i.e.,
a 10% probability of exceedance in 50 a) show a near
doubling from 0.4-0.5 g, as documented previously by
Stirling et al. [2002b], to 0.5-0.7 g when the model was
parameterized using fault and paleoseismic data parameters
determined by the present study (Figure 15). In the work by
Stirling et al. [2002b] and subsequent unpublished model
runs (Figure 15a), the only offshore structure in the Kapiti-
Manawatu region has been the depiction and parameteriza-
tion of the Wairau Fault as a single, long, linear feature
extending from Cook Strait to the Rangitikei River mouth
(~130 km in length). With new data from this study, the
impact on the hazard assessment model has been an increase
in the areal extent of potential seismic hazard along the
Kapiti-Manawatu coast and a concentration of ground
shaking within the offshore KMFS, associated mainly with
the Mascarin Fault. Thus, while, in a general sense, poten-
tial earthquake magnitudes in the KMFS are only moderate
(overall mean 6.9 + 0.3, Table 4 and Figure 14) with
occasional low- to moderate-return periods (<5000 to
10,000 a), it appears that further appraisal of the seismic
hazard associated with offshore and onshore structures in
the Kapiti-Manawatu region is warranted. This is pertinent
and timely because previous workers, who have developed
national seismic hazard models for New Zealand, have
regarded the hazard in this region as low [Smith and
Berryman, 1986; Stirling et al., 1998, 2002b].

6. Conclusions

[62] 1. Seafloor scarps and deformation of post-last gla-
cial sediments indicate recent activity on faults in the low-
strain, compressional Kapiti-Manawatu Fault System, oft-
shore southern North Island, New Zealand.

[63] 2. Scarps vary in height from 1 to 30 m and up to
50 km in length and are closely aligned with loci of maximum
uplift on deeper structures mapped with multichannel seismic
reflection data previously by Lamarche et al. [2005]. Slip
rates on the KMFS faults are comparable to long-term rates
and published estimates from onshore studies.

[64] 3. Three main zones of offshore neotectonic defor-
mation are recognized (essentially from north to south):
(1) zone I around Kapiti Island is characterized by large,
often eroded seafloor scarps (~10—30 m high) with low slip
rates (<0.4 mm a ') (e.g., Waitarere (S), Okupe (S),
Otaheke-Rangatira and Wairaka faults); (2) zone II has
moderately high scarps (~1-5 m high) and low to very
low slip rates (<0.2 mm a~ "), except on the Kapiti Fault,
with maximum slip rates of 2 mm a ' (e.g., Kapiti,
Waitarere (N), Onepoto (S), Okupe (N) and Mascarin (S)
faults); and (3) zone III represents the most active structures
in the KMFS with prominent bathymetric changes in
seafloor slope (>10 m high scarps) and moderate to high
slip rates (>0.1-3.0 mm a~ ') (e.g., Mascarin (N), Onepoto
(N), Rangitikei, Otaheke and Tangimoana faults).

[6s] 4. Earthquake moment magnitudes, seismic moments
and single-event displacements for individual structures in
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Figure 15. Preliminary implications of KMFS earthquake
recurrence estimates as input parameters to the National
Seismic Hazard Assessment model [Stirling et al., 2002b].
(a) Distributions of faults (thin lines) and peak ground
acceleration (PGA, contours) with a 475 a return time
period for southern North Island from an unpublished 2002
study. These PGA values are equivalent to the maximum
acceleration expected with a 10% probability of being
exceeded in 50 a and assume site class B intermediate soil
conditions, which have natural periods of 0.6 s in the
response spectrum attenuation model. (b) Preliminary run of
the same model with new fault parameters from the offshore
KMES (this study).

the KMFS are estimated from empirical equations. M,
ranges from 5.8 to 7.5 (mean 6.7 + 0.4), with highly
variable M, estimates and SEDs in the range of 0.9—
1.7 m. Excluding unrealistic values <6.5, results in an
overall mean M,, of 6.9 + 0.3. Recurrence intervals are
also variable with RIs as low as 100 a and as high as
>100,000 a. On average, however, Rls for earthquakes on
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several of the more prominent structures in the offshore,
largely reverse KMFS are comparable to published esti-
mates for onshore reverse and strike-slip structures.

[66] 5. Since the KMFS faults could generate moderate to
high moment magnitude earthquakes (M,, 6—7), but at
reasonably long recurrence intervals (>5000 a), the seismic
hazard of the region is likely to remain regarded as “low.”
A preliminary reapplication, however, of the National
Seismic Hazard Assessment model [Stirling et al., 2002b],
indicates that peak ground accelerations with a 475 a return
period on the KMFS faults would effectively double along
the Kapiti-Manawatu coast using the neotectonic fault
parameters in the present study.

[67] Offshore neotectonic deformation is often integrated
poorly into regional seismic hazard analyses, with the
consequence that the hazard associated with active faulting
may be underestimated. The approach presented here pro-
vides a method for evaluating the potential hazards associ-
ated with offshore active structures, using the reactivated
reverse and normal faults of the Kapiti-Manawatu Fault
System, southern North Island, New Zealand, as examples.

[68] The approach undertaken in the present paper has
demonstrated the potential to evaluate and quantify the
seismic hazard associated with offshore, steep, reactivated
reverse faults. Previously, similar approaches have been
applied to normal [Nodder, 1993, 1994; Bull et al., 2006]
and thrust faults [Barnes et al., 2002] on the New Zealand
continental shelf. The approach therefore shows consider-
able promise for more widespread application in other
regions where faulting hazards are likely to be underesti-
mated by neglecting to account for active deformation in
adjacent offshore environments.
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