0 THE OFFICIAL MAGAZINE OF THE OCEANOGRAPHY SOCIETY !

CITATION

Wallace, L.M,, U.A. Cochran, W.L. Power, and K. Clark. 2014. Earthquake and tsunami potential
of the Hikurangi subduction thrust, New Zealand: Insights from paleoseismology, GPS, and
tsunami modeling. Oceanography 27(2):104-117, http://dx.doi.org/10.5670/0ceanog.2014.46.

DOI
http://dx.doi.org/10.5670/oceanog.2014.46

COPYRIGHT
This article has been published in Oceanography, Volume 27, Number 2, a quarterly journal of

The Oceanography Society. Copyright 2014 by The Oceanography Society. All rights reserved.

USAGE

Permission is granted to copy this article for use in teaching and research. Republication,
systematic reproduction, or collective redistribution of any portion of this article by photocopy
machine, reposting, or other means is permitted only with the approval of The Oceanography
Society. Send all correspondence to: info@tos.org or The Oceanography Society, PO Box 1931,
Rockville, MD 20849-1931, USA.

DOWNLOADED FROM HTTP://WWW.TOS.ORG/OCEANOGRAPHY


http://dx.doi.org/10.5670/oceanog.2014.46
http://dx.doi.org/10.5670/oceanog.2014.46
mailto:info@tos.org
http://www.tos.org/oceanography

SPECIAL ISSUE ON UNDERSEA NATURAL HAZARDS

WALLACE, URSULA A. COCHRAN,
L. POWER, AND KATE J. CLARK

Earthquake and Tsunami P¢
Hikurangi Subduction Thrust, New Zealand

Insights from Paleoseismology, GPS, and Tsunami Modeling




ABSTRACT. The Hikurangi subduction margin, where the Pacific Plate subducts

beneath the North Island of New Zealand, poses a major seismic and tsunami

hazard to the New Zealand region, but its seismic and tsunami potential is largely

unknown because of New Zealand’s short (< 170 years) historical record of seismicity.

This article discusses the implications of results from GPS, paleoseismology, and

tsunami modeling studies for understanding Hikurangi subduction earthquake

and tsunami potential. Paleoseismic and geodetic data indicate that earthquakes

of My, 8.0 and larger are certainly plausible at the Hikurangi margin. Paleoseismic

evidence for large megathrust earthquakes beneath Hawke Bay in central Hikurangi

demonstrates that large seismic slip may occur within an area that currently slips in

episodic slow slip events. This result has important implications for seismic hazards

at subduction margins elsewhere. Strong similarities between the subduction zones of

the Hikurangi margin and the Japan Trench suggest that a giant M, 9.0 earthquake

similar to the 2011 Tohoku-Oki earthquake may be possible for the Hikurangi

margin. Such an event would generate a large tsunami that would inundate much

of the east coast of the North Island. Understanding of the earthquake potential of

the Hikurangi megathrust is only in its infancy, and we recommend a number of

studies to increase knowledge.

INTRODUCTION

Subduction zones, where one tectonic
plate dives or “subducts” beneath
another, produce the largest and most
devastating earthquakes and tsunamis
on Earth—the March 2011 Tohoku-Oki
M,y 9.0 earthquake is a striking example.
Although many subduction zones have
produced great earthquakes (M, > 8.0)
in recorded history, the seismic and tsu-
nami generation potential of many oth-
ers is unknown (e.g., McCaffrey, 2008).
Determining earthquake and tsunami
potential for subduction zones world-
wide is imperative to assess the hazards
posed by these important plate boundary
features. This goal is hampered by the
short historical record of seismicity at
many subduction zones. Thus, we must
rely on additional data sets to improve
our understanding of subduction earth-
quake potential, including paleoseismo-

logical and paleotsunami studies and

geodetic studies of subduction interface
slip behavior, among others.

Westward subduction of the Pacific
Plate beneath the eastern North
Island of New Zealand occurs at the
Hikurangi subduction margin at
rates of 2-6 cm yr~! (Wallace et al.,
2004; Figure 1). Understanding of the
seismic and tsunami hazard posed
to New Zealand by the Hikurangi
subduction zone is limited due to the
short historical record of earthquakes
in New Zealand, spanning only the
last ~ 170 years. During that time, only
moderate (M, < 7.2) subduction inter-
face earthquakes have been recorded
(Figure 1; Webb and Anderson, 1998;
Doser and Webb, 2003). However, data
from an extensive network of campaign
and continuously recording GPS sites on
the North Island reveal the contempo-
rary slip behavior of the Hikurangi sub-
duction thrust, including evidence for

interseismic coupling on the subduction
thrust and the occurrence of slow slip
events (Darby and Beavan, 2001; Wallace
et al., 2004; Wallace and Beavan, 2010).
Moreover, recent paleoseismological
and paleotsunami studies along the east
coast of the North Island have produced
evidence for prehistoric earthquakes
that are likely to have occurred on the
subduction thrust (Cochran et al., 2006;
Hayward et al., 2006; Clark et al., 2011).
In this paper, we bring together
available geological and geophysical
observations to better understand the
future seismic potential of the Hikurangi
subduction thrust. We use these data
to inform models of tsunamigenesis
to evaluate the role that subduction
thrust can play in the generation of large
tsunamis. We compare the Hikurangi
margin with the northern Japan plate
boundary to address whether or not
earthquakes similar to the March 2011
M,y 9.0 Tohoku-OKki earthquake are
possible in New Zealand. We also discuss
future research directions that are
needed to better understand the seismic
and tsunami potential of the Hikurangi

subduction thrust.

HISTORICAL SUBDUCTION
EARTHQUAKES AND TSUNAMIS
AT HIKURANGI

The historical record of earthquakes and
tsunamis in New Zealand is relatively
short, with written records extending
back only 150-200 years (unpublished
data courtesy of Gaye Downes, GNS
Science, Lower Hutt, New Zealand,
2011). References to earthquakes and
tsunamis are also found in Maori oral
history (McFadgen, 2008), though it is
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difficult to associate them with specific
dates and locations or to correlate the
events with particular faults. Here,
we review candidates for Hikurangi
subduction interface earthquakes
larger than My, 7.0 in written and oral
historical records. All other confirmed
or suspected Hikurangi subduction
interface earthquakes in the historical
record (not discussed here) are small
to moderate magnitude events
(e.g., Myy < 7.0; Figure 1, see discussion
in Wallace et al., 2009a).

The largest well-documented
Hikurangi subduction interface

earthquakes were the March 25,

M—1
' = historical subduction
thrust events
@ = continuous GPS site

38°S , Nokh %

* Island

Australian
Plate

39°S

40°S

41°S

1947, Poverty Bay (M, 7.0-7.1) and
May 17, 1947, Tolaga Bay (M, 6.9-7.1)
earthquakes (Figure 1, see PB and TB)
at the northern part of the Hikurangi
subduction zone. These events share
many characteristics of “tsunami-
earthquakes” (Kanamori, 1972), such
as low felt-intensity shaking (intensity
MM4 and MM6 [MM = Modified
Merecalli], respectively), long duration,
low M; (5.9 and 5.6, respectively;

M, = local magnitude) relative to My
(M,y = moment magnitude), large
tsunamis relative to the earthquake
magnitude, and shallow epicenters

(< 10 km) on the subduction thrust near

Hikurangi
Plateau

Figure 1. Tectonic setting of the Hikurangi subduction zone at the boundary between the
Pacific and Australian Plates. Black contours show the depth to the subduction interface
(Williams et al,, 2014). Red dots = historical subduction thrust events (all M, < 7.2).
Gray dots = continuous GPS sites (http://www.geonet.org.nz). Arrows show convergence
rates at the trench in mm yr~" (Wallace et al., 2012a). PB = 1947 Poverty Bay earthquake.
TB = 1947 Tolaga Bay earthquake. WF = Wairarapa Fault, the site of the 1855 earthquake.

BL = Big Lagoon. MP = Mahia Peninsula. Black lines onshore are active faults (http://www.

data.gns.cri.nz/af). In the forearc, most of these faults are either right lateral strike-slip or

reverse. The strike-slip faults help to accommodate the margin-parallel component of

relative plate motion.
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the trench (Downes et al., 2000). The
epicenter of the March event is located
over a subducting seamount identified in
seismic reflection data, and the epicenter
of the May event also appears to be
associated with a subducting seamount
(Bell et al., 2010).

The tsunami that followed the March
event reached the coast ~ 30 minutes
after the earthquake and affected
~ 120 km of coastline. The largest runup
heights of 10-11 m (Downes, 2011) were
observed approximately 20 km northeast
of Gisborne (Figure 1). Damage included
the dislocation of a wooden bridge over
the main road near Pouawa that was
swept 800 m inland. Fortunately, there
were no casualties, largely a consequence
of the sparse population of the affected
coast. The May earthquake produced a
slightly smaller tsunami whose greatest
effects were felt farther north than those
of the March event. The maximum
recorded runup was 6 m ~ 45 km
northeast of Gisborne. The coast near
Gisborne was probably also affected
by a local-source tsunami in 1880
following an earthquake that was gently
felt (Downes, 2011; Power and Tolkova,
2013), though details of this event are
very limited, and it is not possible to be
sure that the earthquake occurred on the
subduction interface.

The 1855 Wairarapa earthquake
(M,y 8.2), which occurred on January 23,
produced a tsunami with maximum
observed runups of 10 m approximately
40 km east of Wellington. In total,
300-500 km of coastline was affected,
runups of 4-5 m were widespread
around Wellington and on the northern
Marlborough coast, and the Rongotai
Isthmus in Wellington was reportedly
overtopped (Grapes and Downes, 1997).
The earthquake occurred primarily on

the Wairarapa Fault (Figure 1), which is


http://www.geonet.org.nz
http://www.data.gns.cri.nz/af/
http://www.data.gns.cri.nz/af/

believed to splay from the subduction
interface at a depth of about 20-30 km
(Henrys et al., 2013). However, based on
coastal subsidence data, it is possible that
a portion of the subduction interface
down dip of the Wairarapa Fault
ruptured during the earthquake (Beavan
and Darby, 2005), raising the possibility
that the 1855 earthquake also involved
subduction interface slip.

A possible candidate for a major sub-
duction interface earthquake recorded
in Maori oral history is the Hao-whenua
earthquake estimated to have occurred
in approximately the year 1460 (King
et al., 2007; Downes, 2011). Geological
evidence and Maori oral history suggest
that this event caused uplift in the
Wellington region, one consequence
of which was closure of a sea channel
that was previously used to cross the
Rongotai Isthmus by canoe (King et al.,
2007; McFadgen, 2008). The name,
which translates to “land-swallower;”
suggests that this event may have been

accompanied by a tsunami.

Paleoearthquake and
Paleotsunami Studies

At subduction margins where historical
records are short (< 200 years) and
recurrence intervals of great earthquakes
are long (> 300 years), geological
records have been useful for providing
physical evidence of great earthquakes
and tsunamis, estimating recurrence
intervals of such events, observing

their vertical deformation patterns, and
demonstrating variability in magnitude
and spatial extent (e.g., Clague, 1997;
Cisternas et al., 2005; Sawai and Nasu,
2005; Shennan and Hamilton, 2006;
Satake and Atwater, 2007). For example,
along the west coast of North America
and Canada, paleoearthquake and

tsunami studies have revolutionized

scientific understanding of the Cascadia
subduction zone and the hazard it poses.
We aim to achieve a similar level of
insight into the Hikurangi subduction
zone in the future, but we do not yet

have the spread of sites or the tight age

and at an appropriate wavelength is one
strategy for pinning vertical deformation
of the upper crust to movement on the
interface as opposed to upper plate faults
(or in addition to, and simultaneously

with, movement of upper plate reverse

IMPROVING THE PALEOSEISMIC RECORD

FOR THE HIKURANGI MARGIN IS OF UTMOST

IMPORTANCE IF WE ARE TO DISCERN THE

MAGNITUDE, FREQUENCY, AND LOCATIONS

OF PAST HIKURANGI SUBDUCTION THRUST
EARTHQUAKES AND ASSOCIATED TSUNAMIS.

control required to produce robust
Holocene earthquake histories for differ-
ent segments of the Hikurangi margin.
Instead, we present existing onshore
paleoearthquake and tsunami records to
illustrate what correlations can be made
along the margin that may represent
great subduction earthquakes (Figure 2).

A key requirement for identifying past
rupture of the subduction interface in
great earthquakes is to document simul-
taneous vertical deformation over a wide
geographical area. Highly localized verti-
cal deformation can usually be explained
more simply by smaller earthquakes on
upper plate faults. For this reason, we
have been working at numerous sites
along the east coast of the North Island
of New Zealand to determine Holocene
earthquake and tsunami histories and to
test for synchroneity. Detection of simul-
taneous subsidence (in-board) and uplift
(out-board) in a transect perpendicular
to the strike of the subduction thrust

faults that splay from the subduction
interface). The position of the coastline
of the eastern North Island relative to
the interface makes it most likely to be
uplifted in a subduction earthquake.
However, the indentation of Hawke
Bay (Figure 1) puts a small segment of
coastline into the coseismically subsiding
zone, providing an opportunity to
correlate events across the margin as well
as along it (e.g., sites 5, 6, 7 in Figure 2;
Cochran et al., 2006).

Figure 2 shows that the most

widespread evidence for coseismic

Laura M. Wallace (lwallace@utexas.edu)
is Research Scientist, University of Texas,
Institute for Geophysics, Austin, TX, USA.
Ursula A. Cochran is Paleoecologist/
Earthquake Geologist, William L. Power is
Senior Geophysicist/Scientific Programmer,
and Kate ). Clark is Paleoecologist/
Earthquake Geologist, all at GNS Science,
Lower Hutt, New Zealand.

Oceanography | June 2014 107


mailto:lwallace@utexas.edu

deformation occurred about 7100 BP
(calibrated years before present) with
sites from the south coast of the North
Island through to Pakarae (site 8) in the
north recording uplift or subsidence
and tsunami inundation. Sudden
subsidence is recorded at this time at

in-board Hawkes Bay sites 4, 5, and 6,

while uplift is recorded at out-board
sites 7 and 8 (Figure 2). Given the
clustering of ages around 7100 BP, the
along-margin extent of evidence, the
occurrence of paleotsunamis at some of
the sites, and the pattern of subsidence

and uplift across the margin, this is our

great Hikurangi subduction earthquake
(probably also involving rupture of
upper plate faults). There is also evidence
for coseismic vertical deformation

at multiple sites at about 5600, 4500,
3000, 1600, and 600 BP (Figure 2).

However, evidence for the occurrence

strongest candidate for occurrence of a of great subduction earthquakes at these

0 2550 100 Kilometers
Lo bl

Figure 2. Map in upper panel shows locations of
published Holocene records of coseismic vertical
deformation along the Hikurangi Margin. Timeline in
lower panel shows the approximate ages and types of
impact found at different sites along the margin (note
that this is an overview that does not show individual
dates and their errors). We use black horizontal

lines on the timeline to indicate times when vertical
deformation occurs at multiple sites along the margin
(summarized in the right panel of the timeline). These
lines are also used on the map to indicate the approxi-
mate lateral extent of deformation and the strength of
evidence for occurrence of a great subduction thrust
earthquake. *Site 1: Clark et al. (2011) and Hayward

et al. (2010). Site 2: McSaveney et al. (2006). Site 3:
Berryman et al. (2011). Site 4: Hayward et al. (2006).
Sites 5 and 6: Cochran et al. (2006). Site 7: Berryman
(1993). Site 8: Wilson et al. (2006).
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times is not as strong as the evidence at
7100 BP because they have only been
identified at a few sites and/or there is
limited age control.

A great-earthquake record for the
Hikurangi subduction zone is a work in
progress. However, if we make the large
assumptions that the earthquakes that
caused sudden subsidence in Hawkes
Bay involved slip on the subduction
interface, and that the coincident raising
of terraces further out-board occurred
in the same earthquakes (see discussion
in Cochran et al., 2006), then we can
conclude that the Hikurangi subduction
thrust has moved in great earthquakes in
the past. If we also assume that the scant
age control we have for the subsidence
approaches the actual timing of past
earthquakes, then we start to get a
picture of great earthquake recurrence—
every 1,000-1,500 years for much of the
Holocene. Even if the coseismic uplift
and subsidence did not occur in the
same earthquakes, our existing evidence
indicates they were closely spaced in
time so they may represent a sequence
of large earthquakes occurring along
the margin within a short timeframe
(days to decades) with 1,000-1,500 year
periods of relative quiescence between

the sequences.

GPS Evidence for Contemporary
Megathrust Slip Processes
Between megathrust earthquakes,

the short-term (interseismic) slip rate
close to and across most faults is often
considerably less than the long-term slip
rate expected from the relative motion
of the adjacent tectonic blocks. This
phenomenon, caused by friction along
the fault and often referred to as inter-
seismic “locking” or “coupling,” gives
rise to elastic strain rates in the rocks

adjacent to the fault that are measurable

with GPS methods. Although knowledge
of contemporary coupling/locking of
subduction interfaces from GPS only
captures the last 10-20 years, in many
recent examples, the distribution of slip
in major megathrust earthquakes agrees
extremely well with the locking distribu-
tion prior to the earthquake (e.g., Miura
et al., 2004; Chlieh et al., 2008; Moreno
et al., 2010; Loveless and Meade, 2011;
Protti et al., 2014), suggesting that
coupling distributions provide a useful
guideline for understanding which por-
tions of the interface are prone to seismic
rupture. However, it is possible that cou-
pling distributions may vary throughout
the interseismic period, and geodetic
measurements over multiple earthquake
cycles at many subduction zones will be
needed to definitively test whether or
not geodetic coupling measurements are
always useful indicators of future seis-
mogenic slip. Given New Zealand’s short
historical seismicity record, geodetic
measurements of interseismic coupling
are one of the few indicators currently
available to help us delineate zones of the
Hikurangi interface that may be more
prone to rupture in great earthquakes.

Much of the Hikurangi margin forearc
is subaerial due to subduction of the
buoyant Hikurangi Plateau (a Large
Igneous Province; Figure 1), making it
ideally suited to using GPS measure-
ments to monitor contemporary slip
behavior over a large depth range of the
megathrust, from < 10 km to > 70 km
depth (Figure 1). Over the last 20 years,
a network of ~ 1,000 campaign GPS sites
have been measuring crustal motion
throughout New Zealand (campaign
deployments are targeted for a specific
experiment over a limited timeframe).
Moreover, a comprehensive network of
~ 80 continuously operating GPS sites

(i.e., permanent sites) exists along the

Hikurangi subduction margin (Figure 1;
cGPS data are available at http://www.
geonet.org.nz). Crustal deformation
measurements derived from these data
sets have revealed both the distribution
of interseismic coupling (Darby and
Beavan, 2001; Wallace et al., 2004,
2012a) and the occurrence of transient
slow slip events (SSEs) on the subduction
interface (Douglas et al., 2005; Wallace
and Beavan, 2010; Wallace et al.,

2012b; Wallace and Eberhart-Phillips,
2013; Figure 3).

Interpretation of campaign GPS data
(using an elastic block modeling/backslip
approach) from the North Island shows
that the subduction interface at the
southern Hikurangi margin is interseis-
mically coupled to depths of 30-40 km,
while there is an abrupt transition to
an aseismic creep-dominated interface
near ~ 40°S (Wallace et al., 2004, 2012a;
Figure 3). We note that the near-trench
locking on the shallow interface is not
well resolved due to a lack of geodetic
measurements offshore. However, large,
near-trench earthquakes such as the
1947 tsunami earthquakes suggest that
locking near the trench at Hikurangi is
highly likely. Episodic slow slip events
that we located using observations from
the continuous GPS network (Figure 1)
mirror the interseismic coupling esti-
mates—the SSEs tend to follow along the
downdip edges of interseismic coupling
(Wallace and Beavan, 2010), although
in some cases the slow slip regions also
overlap with the locked regions (Wallace
et al., 2012b), suggesting that interface
slip behavior is highly heterogeneous
in some locations. Slow slip events at
subduction zones elsewhere are also
typically observed at the transition
from interseismic coupling to aseismic
creep (Dragert et al., 2001; Schwartz
and Rokosky, 2007, and references
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therein), supporting numerical model
results indicating that slow slip events
arise from transitional frictional
behavior (e.g., conditionally stable in
the transition from velocity weakening
to velocity strengthening; Liu and Rice,
2005). Thus, SSEs at Hikurangi may also
provide useful insights into the potential
limits of the seismogenic zone and the
location of velocity weakening (stick-
slip) vs. velocity strengthening (aseismic
slip) behavior. However, we emphasize
that GPS measurements only span

the last 20 years. Whether or not the
slowly slipping vs. locked regions of the
interface that we identify with GPS are
persistent throughout the interseismic

period cannot be known until we have

37°S I

Coupling coefficient

0 1

F = SSE slip contours
(mm)
North
Island

38°S

39°S

40°S

41°S

174°E 175°E 176°E

GPS measurements spanning multiple
seismic cycles.

Slow slip events at Hikurangi exhibit
clear bimodal behavior going from south
to north. Southern Hikurangi SSEs are
long-lived (1-1.5 years), deep (> 30 km
depth), large (slip occurring in the events
is equivalent to a My, ~ 7.0 earthquake),
and infrequent (recurring about every
five years), while north Hikurangi SSEs
are short-lived (2-3 weeks), shallow
(< 5-15 km depth), moderate to large
(Myy ~ 6.3-6.8), and frequent (every
1-2 years) (Figure 3; Wallace and
Beavan, 2010). More recently, Wallace
and Eberhart-Phillips (2013) identified
smaller, deep SSEs at the central
Hikurangi margin (directly down dip

177°E 178°E 179°E

Figure 3. Interseismic coupling coefficients (see red to blue scale) from campaign

GPS measurements (Wallace et al,, 2012a) and cumulative slip in slow-slip events

(SSEs) from 2002-2012 (green contours, labeled in mm; from Wallace et al,,
2012b). Dashed green contours show slip in a deep central Hikurangi SSE in 2008
(Wallace and Eberhart-Phillips, 2013). Dashed black contours showing the depth
to the subduction interface (in km below sea level) are from Ansell and Bannister
(1996), and thus present an earlier version of the interface geometry compared to

the more recent one shown in Figure 1 from Williams et al. (2014).
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of the shallow, short-duration SSEs;
Figure 3, dashed contours) that last two
to three months and involve smaller
surface displacement at continuous GPS
sites of a few to several millimeters. The
Hikurangi margin has one of the most
diverse sets of SSE characteristics of any
subduction zone. Moreover, the moment
accumulation rate that we determine
from interseismic coupling that occurs
between slow slip events is ~ 40% higher
than the moment accumulation rate
from the average interseismic coupling
over the last ~ 15-20 years (Figure 3),
demonstrating that SSEs play a major
role in the accommodation of plate
motion (Wallace and Beavan, 2010).
The fact that the campaign and con-
tinuous GPS data reveal very different
subduction interface slip behavior at
north vs. south Hikurangi makes it an
ideal locale to investigate the physical
controls on subduction megathrust slip.
The high rates of contemporary elastic
strain accumulation (and deeper slow
slip) in the south suggest that southern
Hikurangi may be more prone to rupture
in a great (M,y > 8.0) megathrust earth-
quake than the aseismic creep/slow slip
event dominated northern part of the
margin. However, we certainly cannot
rule out seismogenic rupture at North

Hikurangi as well.

SEISMIC AND TSUNAMI
POTENTIAL AT HIKURANGI
AND ITS IMPLICATIONS

To conduct an integrated assessment of
Hikurangi subduction interface seismic
and tsunami potential, we evaluate the
GPS coupling and slow slip results in
tandem with the paleoseismological
and paleotsunami results to develop a
plausible worst-case rupture scenario.
The synchroneity of sudden subsidence

events along the Hikurangi margin



(Figure 2) indicates a whole-margin rup-
ture is possible. If we assume that likely
subduction interface rupture scenarios
include the southern, deeply locked por-
tion along with rupture of the shallow
SSE source area at the central and north-
ern Hikurangi margin, we obtain vertical
tectonic deformation results (Figure 4)
that are compatible with observations of
subsidence in the northern South Island
and along the southern and northern
Hawke’s Bay coastline and also compati-
ble with uplift along the Wairarapa coast
as evidenced by marine terraces there
(Figure 2). Combined, the paleoseismo-
logical and GPS results suggest a deeper
down-dip limit of slip in megathrust
earthquakes at southern Hikurangi

(~ 30 km depth) and a shallower down-
dip limit (~ 15 km depth) at northern

and central Hikurangi. The exception to

the good paleoseismic/GPS correlation is
the observation of coastal uplift events at
Mahia Peninsula and at Pakarae (Sites 7
and 8 in Figure 4). However, coastal
uplift at these locations is thought to be
due to slip on splay faults; for example,
the Lachlan Fault uplifts the Mahia
Peninsula (Barnes et al., 2002) and the
Gable End Fault uplifts the Pakarae area
(Mountjoy and Barnes, 2011). These
faults may slip simultaneously with the
subduction interface.

In Figure 5, we show results from
tsunami models due to the whole
margin rupture scenario from Figure 4,
adapted from Power et al. (2008) and
Fraser et al. (2014). Such an event
would inundate much of the east coast
of North Island, with predicted water
levels in excess of 10 m above sea level at

many locations along the coastline. We

0 5 10 15

—

note that a feature of the whole-margin
scenario shown in Figures 4 and 5 is

the use of the geodetic coupling model
to produce a plausible distributed slip
scenario (Figure 4). Strong similarities
between geodetic locking distributions
and coseismic slip in recent major
megathrust earthquakes (Miura et al.,
2004; Chlieh et al., 2008; Moreno

et al,, 2010; Loveless and Meade, 2011;
Protti et al., 2014) justify the use of
geodetic coupling models to help inform
Hikurangi margin tsunami generation
models. However, the details of slip in
any future Hikurangi subduction earth-
quake events are highly uncertain, and a
suite of alternative models should also be
considered, preferably via a probabilistic
approach, including rupture of areas
that are currently aseismically creeping
(e.g., Power, 2013). Detailed tsunami

(a) dipslip on
interface (meters)

(b) vertical
deformation
due to (a)

Blue = Subsidence
Red = Uplift

Figure 4. (a) A hypothetical scenario of rupture of the entire Hikurangi margin including the interseismically coupled area and
SSE source areas offshore northern and central Hikurangi (Figure 3). (b) Predicted vertical deformation in this scenario (contour
intervals are 0.5 m, labeled in m). Blue indicates areas of predicted subsidence, and red shows areas of uplift. The slip amounts
used in the interseismically coupled area assume reversal of 800 years of accumulated slip deficit (using interseismic slip deficit
rates from Wallace et al, 2012a; e.g., Figure 3), while the slip amounts within the SSE source area are tuned to produce vertical

deformation consistent with that observed in Hawkes Bay paleoseismic studies (see Paleoearthquake and Paleotsunami Studies
section in the text). Note that the use of 800 years of slip deficit does not imply an 800-year recurrence for such events, but
rather provides a convenient way to assist with generation of distributed slip models. Numbers in blue circles correspond to
paleoseismic sites in Figure 2. This slip scenario is also used to inform tsunami models that assume whole margin rupture in

Figure 5 (see also Fraser et al., 2014).
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inundation modeling is also required

to accurately determine runup heights,
which could be approximately double
that of the water level heights shown

in Figure 5. For example, results of
tsunami-inundation modeling demon-
strated significant inundation of Napier
(by up to 7 km) and Gisborne due to the
whole margin scenarios, underscoring
the importance of understanding the
threat posed by such events (Wang et al.,
2009; Fraser et al., 2014).

It is important to note that to fit
coseismic subsidence observed in the
Hawkes Bay region (Figure 2) requires
significant slip within the source area
of repeated slow slip events beneath
Hawke Bay (Cochran et al., 2006;
Wallace and Beavan, 2010; Wallace and

Eberhart-Phillips, 2013; Figures 3 and 4).
Observations and numerical modeling
suggest that slow slip events occur within
a conditionally stable frictional regime at
the boundary between velocity weaken-
ing (seismic) and velocity strengthening
(aseismic) behavior (Liu and Rice,

2005; Schwartz and Rokosky, 2007). If
subsidence at Ahuriri Lagoon (Figure 2)
is due to slip on the plate interface within
the slow slip source area, the condi-
tionally stable portion of the Hikurangi
subduction interface can also undergo
large seismic slip, and is not restricted
only to episodic slow slip behavior that
we observe at present. If slow slip regions
can also rupture with large seismic slip
(as we suggest here), this has important

implications for the estimation of

Maximum Water Level (m) in My, 9.0 Whole Margin Scenario
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Figure 5. Estimated maximum tsunami water levels, relative to background, following
an M, 9.0 whole-margin plate interface earthquake scenario. The vertical deforma-

tion model used is the same as the one shown in Figure 4 and in the whole margin

scenario in Fraser et al. (2014). Runup heights could be approximately double that
of the water levels shown at the coast, but accurate estimates of onshore tsunami
heights require finer scale modeling. Calculation was performed with the COMCOT

model (Wang and Liu, 2006).
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seismic hazard at subduction margins
elsewhere. For example, in Cascadia,
there is significant debate about whether
or not the slow slip region slips during
megathrust earthquakes, which is of
utmost importance for anticipating the
level of seismic shaking that might occur
at Seattle and other urban areas in the
Pacific Northwest.

COMPARISON BETWEEN THE
HIKURANGI SUBDUCTION
MARGIN AND THE JAPAN
TRENCH: IMPLICATIONS
FOR SEISMIC AND TSUNAMI
POTENTIAL AT HIKURANGI
There are many striking similarities
between the Hikurangi margin and the
Japan Trench: (1) both are characterized
by subduction of Cretaceous oceanic
crust (Finn et al., 1994; Mortimer and
Parkinson, 1996), (2) large portions of
the interface at both subduction margins
are interseismically coupled between
earthquakes (Nishimura et al., 2004;
Suwa et al., 2006; Hashimoto, et al.,
2009; Wallace et al., 2004, 2012a), and
(3) the Japan Trench and the northern
Hikurangi margin are each thought
to be the site of subduction erosion
(von Huene and Lallemand, 1990; Collot
et al., 1996, 2001). These similarities
raise an important, unresolved question
of whether or not the Hikurangi subduc-
tion thrust can produce great (M, 9.0
or larger) earthquakes (Figure 4) similar
to the one that occurred at the Japan
Trench in March 2011. One way to
approach this question is to compare the
interseismic coupling distribution at the
Japan Trench prior to the 2011 earth-
quake with that at Hikurangi (Figure 6).
Numerous studies show that the
subduction interface offshore Northeast
Honshu that slipped in the March 2011
M,y 9.0 earthquake was interseismically



coupled and accumulating elastic strain
prior to the earthquake (Mazzotti et al.,
2000; Nishimura et al., 2004; Suwa et al.,
2006; Hashimoto et al., 2009; Wallace

et al., 2009b; Figure 6). To evaluate
whether an My, 9.0 scenario similar

to the 2011 Tohoku-Oki earthquake

is plausible at the Hikurangi margin,

we compare the interseismic coupling
distributions of the two margins; for
consistency, we show coupling models
that use identical elastic block modeling
approaches (Figure 6). We superimpose
the slip distribution for the 2011 My, 9.0
earthquake on both coupling maps to
show that much of the region of the
Japan Trench that was interseismically
coupled prior to the 2011 earthquake
ruptured coseismically, and also to
demonstrate that the dimensions of the
strongly locked and SSE source areas of

the Hikurangi margin are comparable

to the interseismically locked and
2011 Myy 9.0 coseismic slip regions.
The dimensions of the Japan Trench
subduction interface that ruptured in
the 2011 M,, 9.0 earthquake is similar
in size to the large, southern Hikurangi
coupled patch plus the slow slip region
in the Hawke’s Bay and Gisborne
region (Figures 4 and 6), making a
similar Myy 9.0 scenario at Hikurangi
seem plausible. We suggest that the
1,000-1,500 year recurrence of large
subsidence events observed along the
Hawke Bay coastline, and some tem-
porally correlated uplift events further
south (Figure 2), could in fact represent
whole margin rupture of the Hikurangi
megathrust. Further paleoseismic and
paleotsunami investigations on North
Island are required to test this idea.

We note that the Wallace et al. (2009b)

interseismic coupling model and the

37° ——
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Mazzotti et al. (2000) coupling model
were the only Japan Trench coupling
models published prior to the 2011
earthquake that assumed interseismic
coupling could occur all the way to the
trench. Other interseismic coupling
studies published prior to 2011 assumed
steady aseismic creep at the Japan Trench
(Nishimura et al., 2004; Suwa et al.,
2006; Hashimoto et al., 2009; Loveless
and Meade, 2010). The reason for the
different models (locking at the trench
vs. no locking at the trench) is that the
degree of interseismic coupling on the
shallow subduction interface located

> 50 km offshore Northeast Japan is
simply not resolvable with shore-based
GPS methods. However, in light of the
very large and unexpected coseismic slip
observed near the Japan Trench (> 50 m)
during the 2011 M,y 9.0 earthquake
(Fujiwara et al., 2011; Ito et al,, 2011),
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Figure 6. Comparison of interseismic coupling at the Hikurangi margin (left, Wallace et al,, 2012a) and the Japan Trench offshore
northern Honshu determined prior to the 2011 M, 9.0 earthquake (right, Wallace et al., 2009b) plotted at the same scale. Green
contours on both are the coseismic slip distribution on the Japan Trench during the 2011 M,, 9.0 earthquake from GPS (Simons

et al, 2011), and the yellow star shows the earthquake’s epicenter. Coseismic slip distribution on the Hikurangi subduction interface
is superimposed to demonstrate that a region ruptured in the My, 9.0 2011 Tohoku earthquake is similar in dimensions to the locked
portion + the shallow SSE source area at Hikurangi. The slip distribution in the 2011 earthquake from Simons et al. (2011) is based
only on shore-based ¢GPS (continuously operating GPS) measurements; other studies that utilize offshore data demonstrate large

(> 50 m) coseismic slip near the trench (not shown here; Sato et al,, 2011; Fujiwara et al., 2011).
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and the strong contribution of this
shallow slip to the tsunami generation
(Koketsu et al., 2011), it seems prudent
to assume that interseismic locking to
the trench (Figure 6) and large near-

trench slip is possible at any subduction

to discern the magnitude, frequency, and
locations of past Hikurangi subduction
thrust earthquakes and associated
tsunamis. To accomplish this, more
detailed margin-wide studies of uplift,

subsidence, and tsunami deposits are

ALTHOUGH MAJOR ADVANCES HAVE
BEEN MADE IN OUR UNDERSTANDING OF THE
HIKURANGI MEGATHRUST OVER THE LAST
10 YEARS, WE ARE CLEARLY IN THE EARLY STAGES
OF UNDERSTANDING THE THREAT THAT THE
HIKURANGI SUBDUCTION THRUST POSES TO

THE NEW ZEALAND REGION.

zone, unless proven otherwise. Seafloor
geodetic studies at the Peru-Chile Trench
also show clear evidence for interseismic
coupling all the way to the trench
(Gagnon et al., 2005). However, if the
large near-trench slip in the 2011 M, 9.0
earthquake is due to dynamic overshoot
(Ide et al., 2011) rather than the reversal
of previously accumulated elastic strain,
then interseismic coupling at the trench
may not be required to produce large

near-trench coseismic slip.

FUTURE DIRECTIONS

Although major advances have been
made in our understanding of the
Hikurangi megathrust over the last

10 years, we are clearly in the early stages
of understanding the threat that the
Hikurangi subduction thrust poses to
the New Zealand region. Improving the
paleoseismic record for the Hikurangi

margin is of utmost importance if we are

14 Oceanography | Vol.27,No.2

required, complemented by offshore
work on marine turbidites, which may
hold a promising record of subduction
thrust events (e.g., Pouderoux et al.,
2014). In particular, high-resolution
paleoecological reconstruction and
radiocarbon dating is needed so that
deformation events and paleotsunamis
can be identified and dated to the
smallest possible uncertainty range and
more rigorous tests of margin-wide
correlations can be made. Unraveling the
paleoseismic history of nearshore faults
(e.g., Pondard and Barnes, 2010) will
also help to establish which coastal sites
are recording local upper plate defor-
mation and which are recording plate
interface deformation, or if some sites
record a mixture of both tectonic signals.
Continued GPS monitoring is also
needed to evaluate how megathrust slip
behavior evolves throughout a seismic

cycle, and also to refine estimates of

interseismic coupling and slow slip.
Seafloor geodetic studies, such as abso-
lute pressure sensors to measure vertical
deformation of the seafloor in slow slip
events (or earthquakes) (e.g., Ito et al.,
2013) and GPS-acoustic techniques

to measure horizontal deformation

of the seafloor (e.g., Gagnon et al,,
2005), are needed to determine the slip
behavior of the Hikurangi megathrust
near the trench.

A question that has major implica-
tions for assessing subduction thrust
seismic and tsunami hazards worldwide
is whether or not areas that appear
to be undergoing episodic slow-slip
events and/or aseismic creep can also
rupture seismically with large slip. Slow
slip events at the northern Hikurangi
margin are among the shallowest well-
documented SSEs on Earth. Over the last
few years, a series of proposals have been
submitted to the International Ocean
Discovery Program (IODP) to drill into
the source and surrounding areas of
episodic slow slip events at the northern
Hikurangi margin (Saffer et al., 2011;
Wallace et al., 2013). Evidence of past
rapid (e.g., seismic) slip may be detected
from samples of fault slip zones obtained
in the drillcore by looking for indicators
of frictional heating such as frictional
melt (pseudotachylite), changes in clay
mineralogy, and thermal maturation of
organic matter (Magloughlin and Spray,
1992; Polissar et al., 2011; Sakaguchi
et al., 2011). If we do find evidence for
large seismic slip in the SSE source area,
this will add further credence to the
suggestion that the Hikurangi margin
could rupture in My, 9.0 earthquakes.

Future work on probabilistic
tsunami hazard assessment will need to
address the potentially highly variable
megathrust slip behavior along the

length of the Hikurangi subduction



margin, such as variations in coupling
and convergence rates as revealed by
geodesy and paleoseismic evidence

for megathrust earthquakes. We must
also develop models that account for

the currently untestable possibility that
geodetic locking and slow slip locations
are not persistent in time. Modeling the
collective effects of multiple, and often
interacting, megathrust slip behaviors
along the margin will likely require tech-
niques for generating synthetic events
according to probability distributions
defined from geophysical measurements.
Closely related to this is the role of
nonuniform slip in tsunami generation
(Geist, 2002), revealed to be influential
on the distribution of tsunami impacts
in recent events such as the 2011 Tohoku
tsunami. Methods for incorporating

the effects of spatially distributed slip
variations need to be considered for
tsunami hazard modeling. Future hazard
models will also need to be refined using
paleotsunami and paleoearthquake

records for the margin.
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