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ARTICLE INFO ABSTRACT

Editor: Edward Anthony The Hikurangi subduction margin, New Zealand, has not produced large subduction earthquakes within the

short written historic period (~180 years) and the potential of the plate interface to host large (M > 7) to great

Keywords:

Subduction margin (M > 8) earthquakes and tsunamis is poorly constrained. The geological record of past subduction earthquakes
Paleoearthquake offers a method for assessing the location, frequency and approximate magnitude of subduction earthquakes to
Hikurangi underpin seismic and tsunami hazard assessments. We review evidence of Holocene coseismic coastal de-
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formation and tsunamis at 22 locations along the margin. A consistent approach to radiocarbon age modelling is
used and earthquake and tsunami evidence is ranked using a systematic assessment of the quality of age control
and the certainty that the event in question is an earthquake. To identify possible subduction earthquakes, we
use temporal correlation of earthquakes, combined with the type of earthquake evidence, likely primary fault
source and the earthquake certainty ranking. We identify 10 past possible subduction earthquakes over the past
7000 years along the Hikurangi margin. The last subduction earthquake occurred at 520-470 years BP in the
southern Hikurangi margin and the strongest evidence for a full margin rupture is at 870-815 years BP. There are
no apparent persistent rupture patches, suggesting segmentation of the margin is not strong. In the southern
margin, the type of geological deformation preserved generally matches that expected due to rupture of the
interseismically locked portion of the subduction interface but the southern termination of past subduction
ruptures remains unresolved. The pattern of geological deformation on the central margin suggests that the
region of the interface that currently hosts slow slip events also undergoes rupture in large earthquakes, de-
monstrating different modes of slip behaviour occur on the central Hikurangi margin. Evidence for subduction
earthquakes on the northern margin has not been identified because deformation signals from upper plate faults
dominate the geological record. Large uncertainties remain in regard to evidence of past subduction earthquakes
on the Hikurangi margin, with the greatest challenges presented by temporal correlation of earthquake evidence
when working within the uncertainties of radiocarbon ages, and the presence of upper plate faults capable of
producing deformation and tsunamis similar to that expected for subduction earthquakes. However, areas of
priority research such as improving the paleotsunami record and integration of submarine turbidite records
should produce significant advances in the future.

1. Introduction

Subduction zones produce the largest earthquakes and tsunamis on
earth and can have devastating impacts on societies both near and far
from the earthquake source. Great (M, > 8.0) subduction earthquakes
have occurred in modern times and within the period of written his-
tories on many subduction margins worldwide providing indisputable
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evidence of the seismic potential of the subduction zone (Cisternas
et al., 2005; Garrett et al., 2016; Lay, 2015). Subduction zones that have
not produced large earthquakes within the time of written historical
records pose a problem in which the potential size and recurrence of
subduction earthquakes is poorly constrained. Therefore, a lack of
historic subduction earthquakes hampers the ability to forecast the
likelihood and impacts of future earthquakes. This is the case for the
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Fig. 1. Active tectonic map of the Hikurangi margin. Dashed black lines delineate the approximate boundaries between the regions discussed in the text and white
squares show the study sites from which earthquake and paleotsunami ages have been obtained and compiled in Table 1 and Fig. 10. The projection line in dark blue
shows the line to which all study sites were projected to calculate the distance along-margin of the horizontal axis in Fig. 10. Onshore active faults from the New
Zealand Active Faults Database (Langridge et al., 2016) and offshore active faults from Barnes and Audru (1999), Barnes et al. (2002, 2010), Nodder et al. (2007),
Mountjoy et al. (2009), Pondard and Barnes (2010), Mountjoy and Barnes (2011), Paquet et al. (2009). MFS: Marlborough Fault System, NIDFS: North Island Dextral
Fault System. Subduction interface contours from Williams et al. (2013) and the subduction interface coupling coefficient is from Wallace et al. (2012b). Locations of
historic interface seismicity (all < My 7.2) are from Wallace et al. (2014) and references therein, along with a 2016 earthquake from Wallace et al. (2017). Letters
a-e show the locations of photos in Fig. 4A-G, and white dashed-line boxes show the areas covered in Figs. 7-10.

Hikurangi subduction margin, where the Pacific Plate subducts beneath
the Australian Plate along the east coast of the North Island, New
Zealand (Fig. 1).

New Zealand has a short written historic period of only ~180 years
since European arrival and during that time the Hikurangi subduction
margin has not produced any earthquakes of > M 7.2. Maori have in-
habited New Zealand since ~700-800 years before present (BP) and
although accounts of earthquakes and tsunamis occur within Maori oral
histories (King et al., 2018), they are difficult to attribute to specific
sources. Lacking historical examples, the seismic and tsunami potential
of subduction zones can be characterised using geophysical techniques.
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For example, geodetic methods can monitor the accommodation of
plate motion on the plate interface by detecting areas that are currently
locked and accumulating stress versus areas that are unlocked or un-
dergoing periodic slow slip (Wallace et al., 2009; Wallace et al., 2012b)
and magnetotelluric methods can reveal electrically resistive patches on
the interface that correspond with areas of increased coupling (Heise
et al., 2017). However, geophysical methods provide a contemporary
snapshot of plate interface stress and their utility as an indicator of
long-term plate boundary behaviour is debatable (e.g. Witter et al.,
2018). To understand longer-term earthquake behaviour at subduction
zones, geological records are required.
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Fig. 2. Historic coseismic coastal deformation and significant local source
tsunami runup on the Hikurangi margin. The dashed black ellipses show the
extent of coastal deformation for each earthquake and the bold numbers note
the margin-parallel extent of coastal deformation. The 1931 Hawke's Bay
earthquake deformation data is from Hull (1990) and the fault source (a blind
thrust fault, red rectangle) is from McGinty et al. (2001). The 1855 Wairarapa
deformation and fault rupture data is from Grapes and Downes (1997) and Begg
and McSaveney (2005). The Kaikoura earthquake deformation and fault rup-
ture data is from Clark et al. (2017) and Litchfield et al. (2018a, b). Tsunami
runup heights for the 1855 Wairarapa tsunami and 25 March 1947 Poverty Bay
tsunami are compiled from the New Zealand Historic Tsunami Database
(Downes et al., 2017) and are a mixture of maximum tsunami wave heights and
runup elevations estimated from historic documents and instrumental record-
ings.

Geological records of past earthquakes and tsunamis at subduction
zones provide powerful evidence of the magnitude and frequency of
subduction earthquakes to underpin seismic and tsunami hazard as-
sessments (Gonzélez et al., 2009; Mueller et al., 2015; Priest et al.,
2017; Sawai et al., 2012; Witter et al., 2013). However, identifying
subduction earthquakes in the geological record of the Hikurangi
margin is particularly challenging due to the number of upper plate
faults (Clark et al., 2015). On margins with few active upper plate
faults, the distinction between subduction and upper plate fault
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earthquakes is rarely considered. However, the Hikurangi margin is
characterised by ubiquitous onshore and offshore upper plate faults
and, although lacking a historic subduction earthquake occurrence,
there is a rich record of large upper plate fault earthquakes such as the
1855 CE My, 8.2 Wairarapa, 1931 My, 7.4 Hawke's Bay and 2016 My,
7.8 Kaikoura earthquakes (Fig. 2). These historical examples have de-
monstrated that at certain locations upper plate fault earthquakes can
cause coastal deformation, ground shaking and tsunamis, similar to the
effects expected at that site for a subduction earthquake (Hull, 1990;
Grapes and Downes, 1997; Clark et al., 2017).

Studies of Holocene coastal deformation and paleotsunamis along
the Hikurangi margin have been undertaken since the early 1980's
(Berryman et al., 1992, Berryman, 1993a; Ota et al., 1988, 1989,
1990a, b, 1992, 1995) and since 2004 studies have been focused spe-
cifically toward trying to determine whether there is evidence for
subduction earthquakes (e.g. Berryman et al., 2011; Cochran et al.,
2006; Clark et al., 2010). Compilations and high-level summaries of
evidence for past Hikurangi subduction earthquakes have appeared in
several studies with successive publications iteratively improving the
age control and/or number of sites examined (Hayward et al., 2016;
Wallace et al., 2009, 2014). In this study we provide a critical review of
the evidence for past subduction earthquakes and tsunamis on the Hi-
kurangi margin. We aim to: 1) compile and evaluate the ages of past
earthquakes and tsunamis along the Hikurangi margin using modern
calibration curves, revised marine reservoir corrections and Bayesian
statistical methods; 2) develop a chronology of past coastal deformation
on the Hikurangi margin with an associated ranking of the certainty of
evidence; 3) evaluate evidence for past subduction earthquakes; and 4)
recommend how future research can improve our understanding of
subduction earthquake and tsunami hazards along the Hikurangi
margin.

2. Understanding past subduction earthquakes using the
geological record

Multiple types of evidence yield information on the nature and
timing of past subduction zone earthquakes and tsunamis. The most
useful and reliable evidence for a particular subduction zone is a
function of: (i) the location of the coastline relative to the subduction
interface rupture patch; (ii) climate, glacio- and isostatic sea-level
change; and (iii) coastal geomorphology. In general for a subduction
earthquake, coseismic uplift occurs above the rupture patch while co-
seismic subsidence occurs inboard of the downdip end of the rupture
patch, so the position of the coastline relative to a rupture patch can
control whether coseismic uplift or subsidence occurs. It is possible that
some locations (e.g., at the edges of rupture boundaries), may experi-
ence uplift in some earthquakes and subsidence in others if the slip
distributions differ (e.g. Briggs et al., 2014; Ely et al., 2014). Tsunami
deposits can be powerful evidence of past subduction earthquakes,
particularly when they are preserved in the near-field region where
coastal accommodation space is created by coseismic subsidence or
where deep coastal lakes provide persistent accommodation space (e.g.
Kempf et al., 2017). While most evidence of subduction earthquakes
and tsunamis comes from the coastline, submarine and lacustrine tur-
bidite records are increasingly being utilised as primary or compli-
mentary records of subduction earthquakes (e.g. Goldfinger et al., 2012;
Moernaut et al., 2014).

Evidence for coseismic subsidence is predominantly derived from
peat-mud couplets preserved within tidal wetland sedimentary se-
quences and, to a lesser extent, from coastal geomorphology. Peat-mud
couplets are the most widely-documented evidence of past subduction
earthquakes: the underlying peat represents the pre-earthquake ter-
restrial or high-marsh surface and the overlying mud represents a post-
earthquake marine environment. Several studies have defined criteria
that a peat-mud couplet should satisfy in order to provide reliable
evidence of a subduction earthquake (Nelson et al., 1996; Shennan



K. Clark, et al.

et al., 2016). Long subduction earthquake records have been compiled
on the Cascadia subduction margin primarily from peat-mud couplets
(e.g. Atwater, 1987; Witter et al., 2003) and peat-mud couplets have
also been documented on the Alaska (Shennan and Hamilton, 2006;
Shennan et al., 2016), Chile (Cisternas et al., 2005; Garrett et al., 2015),
Japan (Fujiwara et al., 2016; Sato and Fujiwara, 2017) and Hikurangi
margins (Clark et al., 2015; Hayward et al., 2016). Evidence of sub-
duction earthquake coseismic subsidence has also been documented
from the geomorphology of prograding beach ridge systems (Meyers
et al., 1996; Kelsey et al., 2015b).

Coseismic uplift related to subduction earthquakes is recorded by
coastal geomorphology, coral microatolls and mud-peat couplets within
tidal wetland sequences (Briggs et al., 2014; Marshall and Anderson,
1995; Merritts, 1996; Ramirez-Herrera et al., 2011; Sieh et al., 2008;
Shennan et al., 2014). Uplift is less commonly used as an indicator of
subduction earthquakes primarily because the zone of uplift occurs
closer to the trench than the zone of subsidence, and there are often
fewer landmasses close to the trench.

Subduction earthquakes produce the largest tsunamis on earth and
numerous studies have summarised the evidence bearing on paleotsu-
nami deposits, including criteria that can aid in distinguishing between
tsunami and storm surge sedimentary deposits (e.g. Dura et al., 2016b;
Goff et al., 2012; Pilarczyk et al., 2014; Shanmugam, 2012). The con-
currence of tsunami sediments and coastal deformation provides pow-
erful evidence of past subduction earthquakes, but at some localities,
tsunami sediments alone provide the record of past subduction earth-
quakes (e.g. Kelsey et al., 2005; Rubin et al., 2017). Submarine and
lacustrine turbidites can record seismic shaking of a sufficient ampli-
tude to trigger subaqueous slope instability and associated gravity
flows. Some of the longest subduction earthquake records are from
turbidites, and spatial correlation of turbidite deposits of similar age
and lithostratigraphic signature means they have been used to under-
stand earthquake behaviour and infer rupture segments (e.g. Goldfinger
et al., 2012, 2013, 2017; Moernaut et al., 2018). The degree to which
turbidite records are tied to subduction earthquakes varies because
subaqueous sediment instability can also be triggered by upper plate
fault earthquakes and non-seismic processes, but records are strength-
ened when turbidites are correlated to historic earthquakes or onshore
evidence of subduction earthquakes.

All types of subduction earthquake evidence described above (bar-
ring coral microatolls) are found at various locations along the
Hikurangi margin. An overarching challenge with the Hikurangi margin
is to determine if the evidence of coastal deformation, tsunamis and
turbidites relates to subduction earthquakes, or whether it may relate to
upper plate faults instead.

3. Geological and geophysical characteristics of the Hikurangi
subduction margin

The Hikurangi subduction margin marks the boundary between the
Australian and Pacific plates at which the plates converge obliquely at
rates ranging from 27 mm/yr in the south to 57 mm/yr in the north
(Fig. 1). Along the North Island, plate motion is partitioned with the
margin normal component occurring largely on the subduction thrust
(Nicol and Beavan, 2003) and the margin parallel component accom-
modated by strike-slip faulting in the upper plate and clockwise rota-
tion of the North Island fore arc (Cashman et al., 1992; Beanland and
Haines, 1998; Wallace et al., 2004) At the southern end of the Hikur-
angi subduction margin, plate motion is transferred onto upper plate
faults and there is a transition to oblique continental transpression
through the Marlborough fault system. The northern end of the Hi-
kurangi margin is marked by the northward transition from the high
topography of the Raukumara Ranges into the deep (> 10 km sediment
thickness, > 2 km water depth) Raukumara Basin (Bassett et al., 2010).
Overthickened oceanic crust of the Hikurangi Plateau is being sub-
ducted at the margin (Davy and Wood, 1994) and the buoyancy of the
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Plateau is thought to drive the low rates of regional long-term uplift
(~1mm/yr) documented along the whole margin (Litchfield et al.,
2007). Beneath much of the coastline of the Hikurangi margin, the plate
interface lies at relatively shallow depths of 12-15km (Fig. 1, Barker
et al., 2009; Williams et al., 2013).

A number of geophysical and geological properties of the Hikurangi
margin vary along-strike and these have been comprehensively de-
scribed by Wallace et al. (2009). The southern Hikurangi margin is
characterised by strong and deep interseismic coupling, it has a well-
developed accretionary wedge and long-term tectonic contraction in
the onshore forearc (Wallace et al., 2009). Between the southern and
central margin is a pronounced shallowing of the contemporary inter-
seismic coupling zone. The northern margin is characterised by shallow
and weak interseismic coupling, frontal subduction erosion, numerous
subducting seamounts, and a mildly extensional upper plate. A diverse
array of slow slip event behaviour has been documented along the
Hikurangi subduction interface (Wallace and Beavan, 2010; Wallace
et al., 2012a, b; Bartlow et al., 2014). The southern part of the margin
hosts deep, long duration and large slow slip events near the downdip
limit of interseismic coupling (~40km) while in the central and
northern parts of the margin more frequent, short duration, small slow
slip events occur at < 10-15km depth at the downdip end of the
shallow interseismic coupling zone (Wallace and Beavan, 2010).

The Hikurangi subduction margin has many active upper plate
faults and their distribution, activity and style of faulting has impacts
on understanding coastal deformation related to subduction earth-
quakes (Fig. 1). In the North Island, the North Island dextral fault
system (NIDFS) is the largest fault system in the upper plate (Beanland,
1995; Beanland and Haines, 1998). Along the length of the Hikurangi
margin contractional faults splay from the subduction interface and
form a zone of offshore reverse faults within the accretionary wedge
(Barnes et al., 2002, 2010; Pondard and Barnes, 2010; Mountjoy and
Barnes, 2011). The southern end of the Hikurangi margin has the most
pervasive and complex upper plate faulting. Faults of the NIDFS ter-
minate within Cook Strait and there are complex submarine stepover
zones onto the faults of the Marlborough fault system (MFS) (Pondard
and Barnes, 2010; Wallace et al., 2012a, b). The faults of the MFS carry
most (~80%) of the slip from the Hikurangi subduction margin into the
zone of onshore oblique continental collision (Wallace et al., 2012a, b;
Litchfield et al., 2014), although interpretations of the coseismic and
postseismic deformation from the 2016 Kaikoura earthquake suggests
that the Hikurangi subduction interface may be seismogenic in the
northern South Island (Bai et al.,, 2017; Wallace et al., 2018; Wang
et al., 2018).

4. The historical record of earthquakes and tsunamis on the
Hikurangi subduction margin

Most historical earthquakes on the Hikurangi margin have been on
upper plate faults but there is a sparse record of historical subduction
interface seismicity (Fig. 1). The largest well-documented subduction
interface earthquakes and tsunamis were the 25 March 1947 Poverty
Bay (My 7.0-7.1) and 17 May 1947 Tolaga Bay (My 6.9-7.1) earth-
quakes in the northern Hikurangi margin (Fig. 1). These were both
tsunami earthquakes (Kanamori, 1972) each with characteristic low
shaking intensity relative to the moment magnitude and generation of
larger than expected tsunamis relative to the earthquake magnitude
(Doser and Webb, 2003). Both earthquake epicentres were shallow
(< 10km), and located near the trench on the subduction interface
over subducting seamounts (Bell et al., 2014). The March 1947 earth-
quake generated a tsunami that affected ~120 km of coastline with
maximum run up heights of up to 10-11 m above sea level recorded
~20 km northeast of Gisborne (Fig. 2). The May 1947 tsunami was
slightly smaller with maximum run up height of ~6 m ~45km north-
east of Gisborne. After the 1947 earthquakes, the next largest earth-
quakes to have ruptured the subduction interface were the 1961 (Myy
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6.4-6.5) earthquake, 40 km offshore of Cape Palliser on the southern
Hikurangi margin and the 1993 My 5.6-6.0 Tikokino earthquake on
the central part of the margin (Wallace et al., 2009). In addition there
have been several M > 5 earthquakes near Gisborne, Cape Palliser,
and in central Hawkes Bay that ruptured, or probably ruptured the
subduction interface and Downes (2006) suggested that the 1904 My,
7-7.2 Cape Turnagain earthquake was also on the subduction interface.

Significant upper plate fault earthquakes that have impacted the
Hikurangi margin during the historic period are the 1855 My 8.2
Wairarapa, 1931 My, 7.6 Hawke's Bay and 2016 My, 7.8 Kaikoura
earthquakes (Fig. 2). While each of these earthquakes had interesting
characteristics in terms of what they revealed about upper plate fault
behaviour and seismic hazard, here we focus on the extents of coastal
deformation and tsunami generation that each earthquake produced, as
these effects have implications for the interpreting the geological record
of past subduction earthquakes.

The 1855 My 8.2 Wairarapa earthquake ruptured ~120 km of the
dextral strike-slip Wairarapa fault onshore and most likely ruptured up
to 40 km offshore into Cook Strait along the Wharekahau thrust and
Nicholson Banks fault (Fig. 2, Grapes and Downes, 1997; Rodgers and
Little, 2006; Little et al., 2009). A significant tsunami was generated
with maximum observed runups of 10 m approximately 40 km east of
Wellington and 4-5 m of run up around Wellington and on the northern
Marlborough coast (Fig. 2, Grapes and Downes, 1997). The Wairarapa
earthquake produced widespread coastal uplift across the southwestern
North Island, with maximum uplift of 6 m near Turakirae Head re-
corded by an uplifted beach ridge and historic observations (Fig. 2). At
least 40 km of the coastline parallel to the subduction margin was up-
lifted and the total margin-parallel extent of deformation is up to 90 km
if subsidence in the lower Wairau Valley is assumed to be of tectonic
origin. Subsidence of up to 1.5m of the Wairau Valley, northeastern
South Island, was recorded in historical documents, although whether
this is tectonic subsidence or sediment compaction/liquefaction related
remains unresolved (Grapes and Downes, 1997; Hayward et al., 2010b;
Clark et al., 2015). Elastic dislocation models of the 1855 rupture that
fit subsidence in the lower Wairau Valley require rupture of the deep
subduction interface (~18-30km depth) synchronous with the Wair-
arapa fault (Darby and Beanland, 1992; Beavan and Darby, 2005).

The 1931 My 7.4 (Mg 7.8) Hawke's Bay earthquake occurred on a
predominantly blind reverse fault listric to the subduction interface
(Hull, 1990; McGinty et al., 2001). Coastal deformation associated with
the 1931 earthquake extended along a margin-parallel length of
~50km (Fig. 2). The highest coastal uplift of 2.7m occurred 28 km
north of Napier at the Aropaoanui River mouth and moderate coastal
subsidence of up to 0.7 m was recorded south of Napier. Ahuriri Lagoon
was uplifted by 1-1.5 m changing the large intertidal embayment into a
terrestrial surface (Hull, 1990). Despite the causative fault running
offshore and certainly displacing seafloor, there was no significant
tsunami generated by the 1931 earthquake. A notable aspect of the
Napier earthquake is that the uplift of Ahuriri Lagoon contrasts with
long-term subsidence of the site (Hull, 1986; Hayward et al., 2016).

The 2016 My, 7.8 Kaikoura earthquake primarily occurred on a
sequence of onshore and offshore upper plate faults that span the
transition zone from the Hikurangi subduction margin to the con-
tinental transpressional plate boundary of the northern South Island
(Fig. 2, Hamling et al., 2017; Litchfield et al., 2018a). Multiple fault
ruptures crossed the coastline and the pattern of coastal deformation,
spanning 100 km, was highly variable and ranged from —2.5m to
6.5m (Figs. 2, 3h; Clark et al., 2017). The Kaikoura earthquake gen-
erated a tsunami of significant wave amplitudes (4 m peak-to-trough at
the Kaikoura tide gauge, and maximum runup of 7m, Power et al.,
2017). A much-discussed aspect of the Kaikoura earthquake is the ex-
tent to which the underlying subduction interface ruptured (sum-
marised by Litchfield et al., 2018a). Afterslip of up to 0.5 m occurred on
the subduction interface in the months following the Kaikoura earth-
quake, suggesting the subduction interface does accommodate plate
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motion (Wallace et al., 2018). Of relevance to the interpretation of
marine terraces elsewhere along the Hikurangi margin, the Kaikoura
earthquake showed that multiple upper plate faults can rupture syn-
chronously and in unexpected combinations, producing variable coastal
deformation along > 100 km lengths of coastline.

5. Holocene relative sea-level change in New Zealand

Relative sea level (RSL) change influences the capacity of coastal
environments to preserve sedimentary and geomorphic records of past
earthquakes (Nelson et al., 2009; Dura et al., 2015, 2016a; Kelsey et al.,
2015a). Stratigraphic records of coseismic subsidence and tsunamis will
be preferentially preserved on coastlines undergoing moderate RSL rise
due to eustatic and glacio- and hydro-isostatic factors. Geomorphic
evidence of coseismic uplift will be less well preserved on coastlines
undergoing RSL rise as rising sea level can erode evidence of uplift (e.g.
Berryman et al., 2018), but coastal wetland stratigraphic records of
uplift may be well preserved under conditions of RSL rise. Under-
standing non-tectonic RSL change through time is essential for evalu-
ating the completeness of the coastal deformation record along tecto-
nically active coasts as well as for constraining the amount of coastal
deformation that occurred in past earthquakes.

Holocene RSL change in New Zealand can broadly be characterised
as rising in the early Holocene and reaching present mean SL by about
8000-7000 years BP (Fig. 4). This peak was followed by a mid-Holo-
cene highstand of 1.2-3 m above present mean SL, which persisted until
about 3000-2500 years BP, followed by a gradual fall in SL to the
present mean SL (Fig. 4, Clement et al., 2016; Hayward et al., 2016). In
detail, the amount and timing of the peak and mid-Holocene highstand
are not well constrained. Hayward et al. (2016) used a compilation of
sea level index points from tectonically stable parts of New Zealand to
constrain the end of the mid-Holocene highstand to 2500 years BP.
Clement et al. (2016) suggest that RSL likely varies around New
Zealand and so argue against the amalgamation of sea level index
points to form a single New Zealand-wide RSL curve. Instead, they fa-
vour a regional approach to sea level reconstructions and their northern
North Island RSL compilation suggests sea level was up to 3 m higher
than present, with the highstand persisting until at least c. 3000 years
BP. Glacial isostatic adjustment models for northern North Island
(Fig. 4), suggest a gradual fall in RSL from 3000 years BP to present, but
fossil sea level indicators (molluscs) suggest RSL in northern New
Zealand was at or below present between 2300 and 300 years BP
(Clement et al., 2016). Hayward et al. (2016) record a late Holocene sea
level fall to a lowstand of —0.6m at c. 600 years BP and the rise to
present mean SL occurred mostly with an accelerated burst of sea level
rise in the 20th Century (Gehrels et al., 2008; Hayward et al., 2012a).

Non-tectonic Holocene RSL change has several implications for the
completeness and accuracy of the coseismic coastal deformation record
along the Hikurangi margin (Fig. 4). From c. 3000 to just prior to
600 years BP, RSL was generally falling. Therefore accommodation
space in coastal environments was decreasing and there is a higher
possibility during this period that evidence of coseismic subsidence may
not have been preserved. This is thought to be the case at Ahuriri La-
goon, where between 2700 and 1700 years BP, unconformities within
saltmarsh and estuarine sediment cores mean evidence of coseismic
subsidence becomes sparser compared to the more continuous sediment
records before and after the period of falling RSL (Hayward et al.,
2015a). During the past 600 years, when sea level was rising, coseismic
subsidence may be preferentially preserved while coseismic uplift may
be eroded (Fig. 4). This appears to be the case along the Wairarapa
coastline and north of Gisborne where rapid coastal erosion means only
fragmentary evidence of the lowest marine terraces remain. The
varying sea level trends need to be considered as the geological record
of subduction earthquakes is interpreted, particularly when there ap-
pear to be large temporal gaps in the earthquake record and when
amounts of coseismic vertical change are calculated.
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marine terraces at Puatai Beach, northern Hikurangi margin. (B) Trench excavation across the lowest terrace (T1) at Puatai Beach, dated at 455-260 years BP
(Litchfield et al., submitted). Image shows beach deposits sitting directly on a bedrock platform. Overlying the beach deposits are colluvial units and sand layers that
could be storm or tsunami deposits. (C) Coastal lagoons of Te Paeroa and Opoho, central Hikurangi margin. These lagoons record Holocene coseismic subsidence and
tsunamis (Cochran et al., 2006, photo by Lloyd Homer, GNS Science). (D) Pleistocene and Holocene marine terraces of Mahia Peninsula, central Hikurangi margin
(photo by Lloyd Homer, GNS Science). (E) Mataora/Wairau Lagoon, transitional region. Saltmarsh sediments fringing the lagoon record coseismic subsidence in the
last two earthquakes on the southern Hikurangi margin (Clark et al., 2015, photo by Graham Hancox, GNS Science). (F) Holocene marine terraces (T1-T4) at
Honeycomb Rock-Glenburn area, southern Hikurangi margin. The youngest terrace here is dated at 560-410 years BP (Litchfield et al., 2013). (G) Examples of
sediment cores stratigraphy from Mataora/Wairau Lagoon (E) showing the peat-mud couplets that record two past subduction earthquakes. (H) Historical coseismic
coastal uplift at Paparoa Point north of Kaikoura Peninsula. This section of coastline was uplifted 3.5-5.5 m in the 2016 Kaikoura earthquake (Clark et al., 2017), the
white and dark brown areas on the coastal platform is the former subtidal algae zone.
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Fig. 4. Holocene sea level curves for New Zealand. The Hayward et al. (2016) curve is a compilation of Holocene sea level markers from around New Zealand. The
sea level curve of Clement et al. (2016) is a glacial isostatic adjustment model prediction for northern North Island. The trend of sea level rise or fall can influence the
preservation potential of coseismic coastal deformation evidence. MSL: mean sea level.

6. Marine reservoir correction for the Hikurangi subduction
margin

The dominant form of age control for dating past coastal deforma-
tion on the Hikurangi margin is radiocarbon dating of marine shells.
Calibrated radiocarbon ages derived from marine shells have a
~400 year reservoir correction applied to account for the offset be-
tween '“C in the atmosphere and in the ocean. The 400 yr correction is
a global average but there are regional and local deviations, quantified
by AR. The regional marine reservoir correction (AR) for the Hikurangi
margin is poorly constrained and this impacts the calibration of marine
shell radiocarbon ages that are used to date past earthquakes and tsu-
namis. New Zealand has relatively few locally derived AR values and
notably no values from the Hikurangi margin, except at Turakirae Head
in Cook Strait (http://calib.org/marine/; Reimer and Reimer, 2001;
Fig. 5a). Past studies of paleoearthquakes along the Hikurangi margin
have typically used AR values of: 1) —30 * 13years (a widely ac-
cepted New Zealand average based on 11 shells growing from 1923 to
1957 CE, McFadgen and Manning, 1990); 2) 3 = 14 years (based on 10
dates from shells that died in the 1855CE Wairarapa earthquake,
McSaveney et al., 2006); or 3) 0 years (chosen in the absence of a robust
local value, Berryman et al., 2018). Individual published AR values
around the mainland of New Zealand vary from —107 * 61 year to
77 * 57years (Fig. 5a; Higham and Hogg, 1995; Hinojosa et al., 2015;
McSaveney et al., 2006; Sikes et al., 2000). The variation in these values

demonstrates that AR around the New Zealand coast is not uniform,
therefore the application of the New Zealand-wide averages are in-
appropriate (Fig. 5a).

Efforts have been made recently to better constrain AR for the
Hikurangi margin. Although there are still too few measurements to
support either a robust AR value or an understanding of factors con-
trolling variation, the new values provide a significant advance on
using a New Zealand-wide average. The strategy has been to date shells
from museum collections that have a known date of live collection prior
to 1950 CE, avoiding post-1950s samples where interpretation of AR is
complicated by the large temporal 14C variability induced by bomb
14C. Litchfield et al. (submitted) obtained four measurements of pre-
1950s shells from Gisborne and Ruatoria (northern Hikurangi margin)
and for the purposes of this review we obtained new AR measurements
on 5 shells from Flat Point (southern Hikurangi margin) and 5 shells
from Port Ahuriri (central Hikurangi margin) (Fig. 5a) [Supplementary
Data 1]. The shell species selected for AR measurements were from tidal
inlet or rocky open coast nearshore environments similar to the pa-
leoenvironments from which shells are typically obtained for dating
past earthquakes and tsunamis. This allows for equivalence between the
modern specimens for which we obtain AR and those that we calibrate
from the geological record. To calculate the average AR for a region
from a given set of historical shell dates we use the weighted mean of
the AR values and the uncertainty range is the 1-o standard deviation
on the AR values. Although a standard error yields a narrower

Fig. 5. (A) Marine reservoir correction values (AR) around the New Zealand mainland. Data sourced from the 14CHRONO Marine Reservoir Database (http://calib.
org/marine/) and Higham and Hogg (1995), Hinojosa et al. (2015), McSaveney et al. (2006) and Sikes et al. (2000). (B) Locally-derived AR values for the Hikurangi
margin used in this study. ARg = regional marine reservoir correction, ARyy = an average marine reservoir correction for the Hikurangi margin based on an
assumption of non-spatially-variable AR. (C) Surface circulation around New Zealand from Chiswell et al. (2015). East Auckland Current (EAUC), East Cape Current
(ECC), d'Urville Current (dUC), Wairarapa Coastal Current (WCC), Westland Current (WC), Southland Current (SC), East Cape Eddy (ECE), Wairarapa Eddy (WE).
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uncertainty range, we do not use this as there may be variation in AR
between the species and using the 1-o standard deviation produces a
wider spread to account for this (Coulthard et al., 2010; Hinojosa et al.,
2015).

Our approach for AR values of the Hikurangi margin is to use lo-
cally-derived AR values (ARR) within the region from which they were
collected, but we also consider the scenario of a non-spatially-varying
AR and provide a margin-wide average (ARyy). Fig. 5a shows the lo-
cations from which the new AR values were obtained, and Fig. 5b shows
the ARy values that we use over four sections of the Hikurangi margin
coastline. The extent of coastline over which we apply each ARy is
based on proximity to measurement site and on the circulation of ocean
surface waters shown in Fig. 5c. Variation in AR along the Hikurangi
margin is not unexpected given the oceanographic setting, with surface
currents from the south (the Wairarapa Coastal Current, WCC) and the
north (the East Cape Current) flowing along the east coast of the North
Island and mixing marine water bodies with different aged carbon in a
non-uniform manner (Fig. 5c, Chiswell et al., 2015). An alternative
approach to using a variable ARy along the margin is to contend that AR
may be the same along the margin and therefore use a mean value of all
AR values (ARyy). To account for a non-varying AR we combine all AR
values from Flat Point, Port Ahuriri, Gisborne and Ruatoria to yield
ARny = 126 * 69 years. When using ARyy within OxCal for event age
modelling we apply a uniform probability distribution to give equal
weight to any AR values within the range. When using ARr within
OxCal we use the default normal distribution. Along with spatial var-
iation, there could be temporal variation in AR as past climate varia-
bility and oceanic circulation changes can drive variability in AR at
centennial to millennial timescales. Recent work in the southwest Pa-
cific indicates that during the Holocene open ocean AR values have
been similar to the modern day (Sikes and Guilderson, 2016), so for this
study we assume modern AR is a reasonable representation of Holocene
AR. However, we acknowledge that temporal variations in AR could
have occurred and this introduces an uncertainty that we cannot
quantify at this stage.

7. Areview of geological evidence of past subduction earthquakes
and tsunamis along the Hikurangi subduction margin

We subdivide the Hikurangi subduction margin into four regions
along-strike: the transitional, southern, central and northern regions
(Fig. 1, Table 1). The subdivisions align with previous divisions of the
margin, based on overall characteristics of the subduction margin,
historical seismicity, and distribution of interseismic coupling (Wallace
et al., 2009; Stirling et al., 2012). For each region we review the geo-
logical evidence relating to past earthquakes and tsunamis, present age
constraints and, where appropriate, provide revised age models. We
also summarise previous interpretations on the faults that drive the
coastal deformation or tsunami generation. Often there are multiple
ways to interpret the cause of past coastal deformation. Fig. 6 is a
conceptual illustration of various rupture scenarios for a hypothetical
location along the Hikurangi margin where the subduction interface
and reverse faults in the upper plate are both possible earthquake
sources. The information and data compiled in this review are derived
primarily from published papers and we also draw on theses, reports
and peer-reviewed extended conference abstracts. At Pakuratahi Valley,
Hawke Bay, we present unpublished data bearing on the age of earth-
quakes and tsunamis, and further information on this site is presented
in Supplementary Data 2.

Radiocarbon ages are presented at the 20 (95%) age range in cali-
brated years before present (years BP). For terrestrial samples, we ca-
librate the conventional radiocarbon age using the SHCall3 curve
(Hogg et al., 2013). For marine samples, we use the Marinel3 curve
(Reimer et al., 2013) with the ARy value as described in Section 6 and
in Fig. 3B. Over 700 radiocarbon ages have been obtained from coastal
sediments of the Hikurangi margin and to facilitate re-calibration and

146

Marine Geology 412 (2019) 139-172

interpretation of the ages, a GIS database of all coastal radiocarbon
dates (provided in Supplementary Data 3) was compiled by Dowling
et al. (2018). Where appropriate we have undertaken Bayesian age
modelling to constrain the ages of earthquake and tsunamis using OxCal
(v4.3, Bronk Ramsey, 2009). In some cases pertaining to more recent
publications our OxCal models do not differ from that in the publication
(e.g. Clark et al., 2015), but in others our revision of data and use of a
different AR value produces a different age model to that previously
published (e.g. Hayward et al., 2016 and Berryman et al., 2018). The
majority of OxCal models use a sequence model with phases (Bronk
Ramsey, 2009). The sequence model makes no assumptions of deposi-
tion rates based on sample location and radiocarbon ages are placed in
stratigraphic order, or grouped in phases when stratigraphic order is
unknown. Exceptions to the sequence model are (i) lake cores, where a
P-sequence model is used (deposition rate between radiocarbon ages is
assumed to be random, Bronk Ramsey, 2008) and (ii) some marine
terrace radiocarbon age datasets where a combine function is used to
combine several similar probability distributions into a single prob-
ability distribution. All age models are presented in Supplementary
Data 4. We use a generic earthquake or tsunami naming and numbering
convention, with marine terraces named T1 (youngest) up to T6
(oldest), and earthquakes or tsunamis labelled Eq1l/Tsul (youngest) up
to Eq9 (Table 1).

In compiling earthquake ages from paleoseismic data there are a
number of uncertainties to take into account; these can generally be
separated into epistemic and aleatoric uncertainties. The aleatoric un-
certainty is the statistical uncertainty associated with the calculation of
the earthquake ages and is derived from uncertainties introduced by the
radiocarbon measurements, calibrations, and marine reservoir correc-
tions. The aleatoric uncertainty is quantified by the 95% highest
probability density function range of the earthquake ages. Epistemic
uncertainty relates to the overall interpretation of the earthquake evi-
dence and the stratigraphic relationship between radiocarbon ages and
earthquake horizons. The different influences of epistemic and aleatoric
uncertainty can be demonstrated by the example of a small but sudden
sea-level change recorded in a salt marsh sequence. The timing of the
sea-level change could be precisely dated by radiocarbon ages that
bound the change horizon (=low aleatoric uncertainty). However,
there may be other reasons than an earthquake for the sudden sea-level
change. Further, the radiocarbon material above the change horizon
may not be in-situ and therefore provides erroneous constraint on the
timing of the event (=high epistemic uncertainty). To account for the
epistemic uncertainty in earthquake ages we assign each earthquake
age a certainty ranking of 1 (low) to 3 (high). Our ranking combines
qualitative assessments of the likelihood that the age data represents
the earthquake age, and the certainty that the event in question is an
earthquake (Table 2). For example, a marine terrace with a well-defined
platform surface and riser is strong evidence of an earthquake, so would
have an earthquake evidence ranking of 3. If the timing of uplift can be
constrained by multiple radiocarbon ages from the beach sediments
prior to the earthquake and tephra deposited immediately after uplift,
then the quality of age control is also “high” (3), and so it would have
an overall earthquake certainty ranking of 3 (high). Alternatively if the
terrace age was constrained by only three ages on shells that pre-date
uplift, we would assign an “average” (2) quality of age control, yielding
an overall ranking of 2 (average). If the terrace age was only controlled
by one shell age (age quality 1) it would have an overall ranking of 1.

7.1. Transitional region

The southern extent of the Hikurangi subduction zone is not a
sharply defined boundary as there is a gradual transfer of plate motion
from the subduction interface onto the transpressional crustal faults of
the Marlborough Fault System (Fig. 1; Wallace et al., 2012a, b). Fol-
lowing the findings of Wallace et al. (2018) that afterslip following the
2016 Kaikoura earthquake occurred on the subduction interface as far
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Fig. 6. Illustration of onshore vertical deformation patterns from various rupture scenarios at a hypothetical location along a subduction margin, where the sub-
duction interface and upper plate reverse faults are both possible earthquake sources. Scenario (1): rupture of the subduction interface causes widespread upper plate
deformation. Heterogenous slip on the interface can produce variability in the deformation pattern but in general the changes in deformation signal and amount
occur over a long wavelength. An example is the 2005 My 8.7 Nias-Simeulue earthquake (Briggs et al., 2006). Scenario (2): rupture of an upper plate fault, producing
localised upper plate deformation, for example, the 1931 My 7.6 Hawke's Bay earthquake (Hull, 1990). Scenario (3): synchronous interface and upper plate fault
rupture, producing a widespread but variable deformation pattern, for example, the 1964 My 9.2 Alaska earthquake when the Patton Bay fault ruptured with the
subduction interface (Plafker, 1967). Scenario (4): rupture of multiple upper plate faults, producing widespread and variable deformation, an example is the 2016
My 7.8 Kaikoura earthquake (Clark et al., 2017). The deformation produced by scenarios 3 and 4 may be particularly difficult to differentiate in the geological

record.

south as beneath the Kaikoura Peninsula, we place the southern limit of
our review at Kaikdura Peninsula.

At Kaikoura Peninsula a sequence of three to four Holocene marine
terraces have been mapped and dated by Duckmanton (1974),
McFadgen (1987), Ota et al. (1995, 1996), and Litchfield et al. (2017).
Fifteen radiocarbon dates have been obtained from the cover sediments
of the terraces, however they were collected from 7 different locations
and terrace correlations between sites are not clear. On the basis of
their stratigraphic context and reliability of location information, we
selected 5 ages to place constraints on the timing of terrace uplift and
we assume all shells pre-date the uplift of the terrace on which they sit
(see table in page 2-3 of Supplementary Data 4). The terrace ages are
(T3) 3165-1240, (T2) 1005-480 and (T1) 400-105 years BP (Table 1).
These earthquakes all have a low certainty due to the poor age control.
Our revision disagrees with McFadgen (1987) who suggested two

earthquakes post-500 years BP, but we concur with the interpretation of
Barrell (2015) that the geomorphology suggests only one terrace
younger than 500 years BP. The Kaikoura Peninsula uplifted 0.8-1 m in
the 2016 Kaikoura earthquake, uplift is thought to have been controlled
by rupture of the offshore Kaikoura Peninsula fault, a NE-striking re-
verse fault (Figs. 2, 7; Clark et al., 2017). The geometry of uplift in 2016
appears to generally replicate the pattern of paleo-uplift recorded by
Holocene and Pleistocene marine terraces of the Kaikoura Peninsula.
We suggest the Kaikoura Peninsula fault has been the primary driver of
Kaikoura Peninsula uplift in the late Holocene (Fig. 7).

Holocene marine terraces have been mapped and dated inter-
mittently between Half Moon Bay and Cape Campbell but the radio-
carbon ages are sparse and no reliable age constraints can be placed on
any single paleoearthquake (Fig. 7; Litchfield et al., 2017). The radio-
carbon ages were measured in the 1980's and are problematic because



Marine Geology 412 (2019) 139-172

(98pd 1x2u UO panunU0)

90B119) 1se0d edererrepy
0PCTI-SSST S6C1-09ST 1 QULIEW 3UIDO0[OH (11) 1b" 662 ‘BRUONIRIRI
90e119) 1se0d edererrepy
m " S0S€-026€ S19€-0¥6€ T QULIBW SUD0[0H (21) ¢ba 04T  ‘19ATY ‘BWredIRUM
90B1I9) 1se0d edererrepy
S891-08¢¢C SLL1-S62T 1 SULIEW 3UIDO0[OH (11) 1b" 04T  ‘10ATY ‘BwredIBRYM
90e119) 1se0d edererrepy
. 0821-0091 0SET-06ST 4 SULIBW SUSJ0[OH (z1) Tbd €T urod ye[d
90B1I9) 1se00 edeIeirepy
. 054566 S08-0S0T 4 SuLIBW 3US0[0H (z1) zba 0€T ‘quiodAsuoy
‘J[NEJ 9SIOAI JIOYSIEIU
paddewrun ue 10 9JeJI2IUT UOTIINPANS I[NEJ BIRYMIEY] Q0RI1ID) 1se00 BdeIeIrepy
-I9SI[[ed 9q PINOD - UTEIIIDUN ST 9DINOS J[Nej AONI] ISOIN 56€-09S 01v—-09S € QULIBW SUIDO[OH (11) 1ba 0€T ‘QuIOdASUOH
90e119) 580D
a3ueyd oN 01SE-0L6E 1 SULIRUI SU3D0JOH (e1) €ba G61 edererrep ‘rosied
908119} 580D
. SS9T1-5S01T SSLI-STIT 4 SULIBW 3USJ0[OH (z1) ¢ba G6T edererrep ‘resied
90BJIIUT UONINPANS + YO 90B119) 580D
90BJIDIUT UOIONPANS  J[NEJ BIRYMIRY-IISI[[ed a8ueyd oN 556-0921 1 QULIBW SUIDO[OH (11) 1ba G6T edererrep ‘Iasijed
a8pu
. a3ueyp oN 00+9-5+89 I 2B3q dUSJ0[OH sba 991 PesH SeIb[eIn],
a8pu
90eJI2)UI UOTIdNPANS + ney edererepy a8ueyd oN 0602-00tC 1 [oeaq dUad0[OH cba 991 PESH QeIDjeINn],
Tureuns) puers nidey
ey eaneduey adueyd oN $95-029 € pue ouapIsqng 1bg ¥€T ‘uoo8eT admyO
s921n0s a[qissod uooget
SNOJOUWINU - UMOWU[) a8uep oN 066-010C 1 TUreunsJ, nsL, 901 NeITep-BIORIBIA
Tureuns) uooSe]
ey edererrepy 90BJI9IUT UOONPNS adueyd oN 008-088 € pue ouapIsqng zba 901 NeIrep-eIoeIeA
uooSe]
9deJI2IUT UOTIINPANS a8ueyp oN 0Lv—-02S € QouapISqns 1ba 901 NeITep-BIORIBIA wRYINOS
90B119)
9deJIRIUI UONONPANS + J[ney sA[pPasN a3ueyd oN 0v1-082 I SULIBW 3USJ0[OH (11) b7 €01 eqdure) aden
90B119)
a3ueyd oN 0bCI-S91€ 1 QULIEW SUIDO[OH (€1) €bg 61 E[NSUIU™ eInoIe)
Q0e119)
. a8ueyd oN 08v-S00T 1 SULIBW SUIDO[OH (z1) 1ba 61 EB[NSUTUSJ BINONIEY
mey 90B119)
90BJI9IUI UONONPANS + B[NSUTUDJ BINOYTIEY] adueyd oN 0S1-00% 1 SULIBW dUIJO[OH (11) 1b" 61 B[NSUIUSJ BINONIEY [RUONISURIL],
90UIPIAD L(uny)
(ANTYV ‘dd s1eak) (g YV ‘dd sieak) yuel AJurersad oyenbiyiresa  [onuod a3e urdrew Suore
S92nos ey d[qisne(d PYIQ  321N0S IMej A1 ISON a3e ayenbyliey a3e ayenbylrey ayenbuyirey Jo fureys)  jo Ajengd QouapIag  axenbyirey QoueIsIq A1reso uorday

148

K. Clark, et al.

a3e pue (7 9[qe], 99s) Sunjuel Ajurerad ayenbiypies ‘9duapiad Jo adA) yum urdrewr 1dueInyIH oY) Suofe aduspIAd ayenbyires jo Arewrwing
1 9IqeL



Marine Geology 412 (2019) 139-172

K. Clark, et al.

(98pd 3x2u UO panunuU0d)

08I} B[NSUTUSJ
. LYOT-LEET 0ZIT-09€1 € € € suurew auadolod  (gba) 2l 1eS IR ‘odeD dqqer
Q0B1I1) e[nsurug
m m 0TZ1-0¥81 OT41-S641 € € € SULIBUI 9U3D0[0H (€ba) €L 1€S  eryeN ‘°deD d[qeL
08113} eOSUIUR
w m 0€€E€-0€9€ 08ce-06vE € € € QULIBW SUDO[OH (¥ba) v1L 1€S  eryep deD dqeL
90BJIDIUT UONINPANS + YO 08113} B[NSUTUSJ
9dejI)Ul UONONpANS Jney ueryoe 129€-+€0S 045€-S20S T € T Sulrew SUd0J0H (sba) SL 1€S  EBIYEN IUlod BOINY
Tureuns)
. " a3uerp oN 0204-0S2L € € € pue 20uapIsqng zba L1S  oyodQ/eorded oL
Tureuns)
ey ueyoe] 90BJI9JUI UONONPQNS a8ueyd oN G0IS-009S € I3 I3 pue 22udpIsqns 1b3 LIS oyodQ/eoided 9],
Tureuns)
0E¥9-0T1L SS€9-010L T € 4 pue dUIPISqNS obg 09y  A9[eA yeIRIMRd
w m 006¥—-0¥6S 0€8/-GS8S T 4 € 2oudpIsqng sbg 09F  Ad[[eA IyerRINEd
02Sy—0L6V SSYy—-098y ¢ 4 € dUPISqNg yba 09  A9[[eA TyeIRIRq
a3uerp oN S01€-02€€ T € 4 QdUdpISqng ¢ba 09  A9[[eA TyeIRIRq
i w a3ueyd oN 0291-0C81 € € ¢ dUIpIsqng zba 09% AS[TeA TURIRINYR]
inejy Tureuns)
95109431 210ysyo paddeurun 90BJI9UI UONONPQNS 069-£86 069-016 T 4 € pue 22UapISqNg 1ba 09y  A9[[eA TyRIRINYER]
Jnej
9519431 210ysyo paddeurun 90BJI9IUT UONONPQNS 0089-S92/ GG/9-092. ¢T 4 4 oudpISqNs 6ba it uooSe] ULNYy
9ouanbas
Areyuawrrpas
ney 121deN 0£0S-S6SS S10S-S6SS 1 1 4 urgim yrdn 8bg 444 uoo3eT LLINYY
w m S89¥-G¢CS S¢9¥-S02S ¢ 4 € dUPISqng Lba 1444 uo0ogeT LLNyy
m " rasiamsinad SLYE-ObIY 1 1 [4 QoudpIsqng oby 1444 uoo3eT LNy
m S0¥C—S18¢C S0¥C—S18C € g e dULpISqNsg sbg P uooge ] UMYy
04ST-0€LT SPSI-SCLT € € € dUPISqng ¥ba 1444 uo0ogeT LLNyy
0LTT-08%1 ovTIT-09vT T 1 € QoudpIsqng €by 1444 uoo3eT LNy
m 028-0C0T GI8—SIOT € € g dUIpISqNSg zba e uooge ] UMYy
Jne;y
9519431 210ysyo paddeurun 90BJI9IUT UONONPQNS S12-S0S G8I-09v ¢ € 4 2ouapIsqng 1ba it uooSe] ULNYy
JdeLId) sroddeupny
m m GS61-S0ET G902-01€C € [ < SULIRUI 9UIDO[OH (1.I) 1ha 6SY aden-eurerewre p\
Q0BJIDIUT UOTIINPANS + YO ey 0B1I1)
9oejILIUL UONONpANS nexexrey/sraddeupny 00v¥—0L6V 06¥-0€0S T € 1 SulIewW SU3DOJOH (21) Tbd cey eureIewrep [enua)
L(ur)
(ANYV ‘dg s1eak) (g gV ‘dd sieak) yuer Ajurelrd [onuod ade urrew Suore
S92nos Iney d[qisne[d PYIQ  321N0S INej A1 ISON a8e ayenbyrey a8e ayenbyyreg ayenbylreg Jo Ayrend Qouapiay  ayenbylrey QoueISIq Ared07T uo18oy

(panupu0d) 1 dqeL

149



Marine Geology 412 (2019) 139-172

K. Clark, et al.

*3J9] 9} 0] UWN[0D UT PIISI[ I[NeJ Y3 YIm SuoTe 32INOS J[Nej [eUONIppe SuedwW , +,,

q

‘1 314 ur umoys auy] uondafoid Y1 Suofe painseauwr DULISIJ

ERLIAERIN] Q0R1I19)

uononpqns 1o jnej arefd 1addn £qresu - umowun G/LE-S8SH 084E£-S6St 1 SULIRW SUIDO[OH (zba) z1 $19 Aeg elefo],
(19p0 10 puy d[qen) dRIIA)

2deJIRUL UONINPANS + ey aerd 1addn S6E1-0481 09v1-0481 I SULIBW 3UIO0[OH (zha) Tl 609 Aeg neyrepm

0SL-00TT S08-S901 1 Tweunsy, TnsL, €09 yoeag Tejeng

Q0BJIAIUL

uononpgns 1o jnej ajefd 1addn £qresu - umowun 0-Sbe 0-092 1 Tureuns, Inst, €09 yoeag reyend
Q0B1I1d)

. 0TLT-06LT 0T4I-S8LT € surrew suedojoH  (gbd) €L €09 yoeag rerend
0B1I1)

. " GG8-00CT 026-091T € SULIBW SUDO[OH (zhba) Tl €09 yoeag reyend
(19410 10 puy 9[qen) Eaj:asel

90BJISIUT UOTIONPANS + Jmej a1erd zaddn SYI-S/b 092-SSt € QULIBW dUIDO[OH (1ba) 1L €09 yoeag reyend
ERl:3AE1]

06¥€-091# 01SE-0STh 1 surrew suedo[oH  (9bd) 9L S6S I9ATY deIeNed
0B1I13)

w m 01CC-8¥veE 0tCCc-09€e 1 dulIew SU3d0[0H (sba) SL S6S I2ATY dereyed
0B1I19)

. S8¥1-060T 00ST-0802 1 sumrew suedo[oH  (ybA) L S6S I9ATY deIeNed
0B1I1)

. e G9CT-09ST 00€T1-0€ST € SuULIeW SUDOJOH (ebd) €L S6S I2ATY dereyed
(19430 10 puy 9[qen) Eajcasel

90BJI9IUT UOTIONPANS + Jmey a1erd saddn 00S-02Z 0E£S-00Z € QULIBWI dUIDO[OH (zba) Tl S6S JOATY QeIeed

QoeJIIUL

uondnpqns 1o jmej arefd 1oddn £qresu - umowyun 58050219 STIS-SIT9 1 NUIPISqNS zba 595 Keg K119704
duanbas
Areyuawrrpas

m " 06TH—SILY S6TY—01LY 1 urm Jidn by S9S Keg K119704 UIRYMION
0UIPIAS L(uny)
(ANYV ‘dg s1eak) (g gV ‘dd sieak) yuer Ajurelrd oyenbyiies  [onuod a8e urdreuwr Suore
S92nos Iney d[qisne[d PYIQ  321N0S INej A1 ISON a8e ayenbyrey a8e ayenbyyreg ayenbylreg jo Qureys)y  jo Aend Qouapiay  ayenbylrey QoueISIq Ared07T uo18oy

(panupu0d) 1 dqeL

150



K. Clark, et al.

Table 2

Matrix table showing the relationship between the ranking of the quality of
earthquake or tsunami age control and the quality of earthquake evidence, and
how this results in the earthquake certainty ranking.

Earthquake certainty ranking
3 = high, 2 = moderate, 1 = low

Quality of age control

Good Average Poor
Quality of earthquake evidence Strong 3 2 1
Moderate 2 2 1
Weak 1 1 1
a1 /
Kapara-te-hau /
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@ Marine terrace C14 age
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Fig. 7. Topography, active fault (red lines) and coastal deformation data lo-
cations along the transitional region of the southern Hikurangi margin. KPF:
Kaikoura Peninsula fault. The white boxes show locations at which we have
determined a past earthquake or tsunami age. The red and blue dots show lo-
cations at which radiocarbon dates have been obtained by past studies, and all
ages are entered in a GIS database (Dowling et al., 2018 and Supplementary
Data 3). The blue triangles are location entries from the New Zealand Pa-
leotsunami Database (NZPD, 2018, accessed August 2018).

they have very large uncertainties (> =+ 160 years), multiple shells
were dated, and the depositional environments are unclear. Only shell
ages obtained in 2017 from the lowest terrace at Cape Campbell have
20 uncertainty ranges of < 200 years. If we assume the shell mortality
was caused by earthquake uplift, then the combined age of two shells
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from the lowest terrace at Cape Campbell date the earthquake at
280-140 years BP (Table 1). This earthquake has a low certainty due to
the sparse radiocarbon age control. Uplift of Cape Campbell in the 2016
earthquake was driven by rupture of the submarine Needles fault and it
is likely that past uplift of the Cape Campbell region was also driven by
Needles fault rupture (Fig. 7). Evidence to support this includes the
temporal correlation between the last earthquake on the Kekerengu
fault (the onshore continuation of the Needles fault, Fig. 7) dated at
249-108 years BP (Little et al., 2018) and the two radiocarbon ages
from the lowest terrace at Cape Campbell (280-140 years BP).

At the Kapara-te-hau (Lake Grassmere embayment), just 8 km
northwest of Cape Campbell (Fig. 7), the Holocene record of vertical
tectonics is unclear. Sediments underlying the margins of the lake have
yielded several intertidal estuarine shells dating from the mid to late
Holocene (Ota et al., 1995). Ota et al. inferred 1 m of uplift since 2300
(uncalibrated) years BP, and a period of non-deposition or erosion be-
tween 5200 and 2400 (uncalibrated) years BP. Once the radiocarbon
ages are re-calibrated and compared to more recent sea level curves
(Fig. 4) then the elevation of the estuarine shells falls within the un-
certainty envelope of past sea level, suggesting no significant vertical
deformation of Kapara-te-hau over the mid to late Holocene. With ex-
isting data, the radiocarbon dating, and stratigraphic/geomorphic
control at Kapara-te-hau does not have the resolution to decipher the
vertical tectonics and no coseismic events have been clearly identified.

7.1.1. Paleotsunami of the transitional region

There are very few paleotsunami records from the transitional re-
gion coastline but this is likely to reflect an absence of targeted pa-
leotsunami studies and few sites with good preservation potential, ra-
ther than a true lack of occurrence. The coastline has been impacted by
at least four historical tsunamis (post ~1840 CE) and there are plirakau
(traditional Maori narrative) of events possibly related to extreme
waves (NZPD, 2018, Fig. 7). At several locations, including Kaikoura
Peninsula and near Kapara-te-hau there are indications of anomalous
sand or gravel deposits overlying archaeological occupation horizons
but detailed studies of the origins of the anomalous deposits have not
been undertaken. It was noted by Power et al. (2017) that evidence of
the 2016 Kaikoura tsunami, consisting of gravel clasts on gravel bea-
ches and biological material that rapidly decays, had low long-term
preservation potential despite runup reaching up to 7 m above tide level
at the time of the tsunami. This implies the steep, rocky coastline that
dominates the transitional region is generally not ideal for paleotsu-
nami studies although the historic and archaeological records suggest
the coast is prone to tsunami.

7.2. Southern region

In the southern region of the Hikurangi margin, there is clear evi-
dence for two past subduction earthquakes and a wealth of evidence of
late Holocene coastal deformation that has been attributed to upper
plate fault paleoseismicity (Fig. 8). The ubiquity of upper plate faults
makes this region the most complicated for disentangling past sub-
duction earthquakes from the geological record, yet we are also for-
tunate that the onshore and submarine faults have been mapped in
detail and there are paleoseismic records spanning the last ~1200 years
on most of the major upper plate faults.

The most compelling evidence for southern Hikurangi margin sub-
duction earthquakes comes from two peat-mud couplets at Mataora-
Wairau Lagoon (called Big Lagoon by Clark et al., 2015) in the northern
South Island (Fig. 8). In the southeastern corner of the lagoon, Clark
et al. (2015) documented two subsided saltmarsh paleosols overlain by
marine mud (Fig. 3E, G). These were interpreted as evidence of sub-
duction earthquakes causing 0.25 = 0.1 m and 0.45 = 0.1 m of co-
seismic subsidence at 520-470 years BP (EQ1) and 880-800 years BP
(EQ2), respectively (Table 1). The older saltmarsh soil was overlain by
sand interpreted to have been deposited by a tsunami. EQ2 overlaps in
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Fig. 8. Topography, active fault and coastal deformation data locations along
the southern region of the Hikurangi margin. PI: Pauatahanui Inlet, LK: Lake
Kohangapiripiri, WT: Wharekauhau thrust, LW: Lake Wairarapa, NBF:
Nicholson Bank fault, OS: Okourewa Stream, PKF: Palliser-Kaiwhata fault.

time with the penultimate rupture of the Wairarapa fault at
920-800 years BP (Little et al., 2009). Clark et al. (2015) suggested EQ2
represented either (i) a subduction earthquake that occurred close in
time, but in a separate event, from the penultimate Wairarapa fault
earthquake, or (ii) a synchronous rupture of the subduction interface
and Wairarapa fault. Fourteen radiocarbon ages from terrestrial organic
fragments were used in a Bayesian age model to constrain the ages of
EQ1 and EQ2 by Clark et al. (2015). Because a marine reservoir cor-
rection was not required in their age model and the calibration curve
has not changed, we adopt the earthquake ages of Clark et al. (2015) in
this review without modification.

Later work by King et al. (2017) at Mataora-Wairau Lagoon focussed
on tsunami evidence and they found geochemical and diatom evidence
to further support the interpretation of a tsunami associated with EQ2
and evidence of an older tsunami on which they place a maximum age
of 2095 years BP. The maximum age constraint is based on two radio-
carbon dates on wood from within the interpreted tsunami unit. Using
minimum age constraints from Clark et al. (2015) and maximum age
constraints from King et al. (2017) we can only constrain the older
tsunami age to 2010-990 years BP, but the tsunami age is most likely
closer to the older end of this age at c. 2000 years BP. The older tsunami
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has a low certainty ranking due to poor age control and uncertainty the
tsunami was generated by a local fault source (Table 1).

There are no other sites in the northern South Island that duplicate
the subduction earthquake evidence found at Mataora-Wairau Lagoon.
Northwards from Mataora-Wairau Lagoon the coastal geomorphology
changes to steep and rocky shorelines of the Marlborough Sounds and
there are few sites amenable for high-resolution RSL studies. Hayward
et al. (2010a) studied intertidal sediment cores from the inner Marl-
borough Sounds and found evidence of Holocene subsidence at rates of
0.2-2.4 mm/yr but there was no foraminiferal or sedimentary evidence
for sudden, coseismic subsidence found in any cores. They concluded
that Holocene subsidence of the Marlborough Sounds is most likely
gradual, but acknowledged that coseismic displacements of < 0.5m
may have been below the detection thresholds of the paleoenviron-
ments they encountered in the cores.

Okupe Lagoon, located on Kapiti Island off the west coast of the
lower North Island, was recently the subject of a study aimed at con-
straining possible vertical deformation associated with the Hikurangi
subduction margin (Fig. 8, Cochran et al., 2015). Early work at Okupe
Lagoon identified marine inundation and lagoon water depth change at
716-306 years BP (based on one radiocarbon date) (Goff et al., 2000;
Cochran et al., 2007). Cochran et al. (2015) replicated the tsunami and
earthquake evidence and refined the earthquake age to 620-564 years
BP using twelve radiocarbon ages (Table 1). They demonstrated no
temporal overlap with the EQ1 identified at Mataora-Wairau Lagoon at
520-470 years, although did note evidence of weak catchment dis-
turbance at 540-494 years BP which could have resulted from strong
ground shaking. Utilising lidar topographic data, Cochran et al. (2015)
identified two traces of the Rangatira fault running across Okupe La-
goon and they suggest that rupture of the Rangatira fault is the most
likely explanation for the lagoon water depth change and tsunami at
620-564 years BP (Fig. 8). The age model developed by Cochran et al.
(2015) for the earthquake and tsunami at Okupe Lagoon is adopted
here without modification and the earthquake has a high certainty.

Around the Wellington and western Palliser Bay coastlines Holocene
and Pleistocene marine terraces and coastal waterbodies record uplift
that is primarily driven by reverse-dextral upper plate faults (Ninis,
2018; Cochran et al., 2007; Pillans and Huber, 1995; McSaveney et al.,
2006). Although Holocene marine terraces have patchy preservation,
extensive Pleistocene marine terraces show steps across the major
upper plate faults: the Ohariu, Wellington and Wairarapa faults (Fig. 8,
Ota et al., 1981; Ninis, 2018). Studies of two coastal waterbodies,
Taupo Swamp and Lake Kohangapiripiri, show sudden changes in
wetland paleoecology that are correlated to rupture of nearby upper
plate faults, the Ohariu and Wairarapa faults respectively (Cochran
et al., 2007). Two other coastal waterbodies, Pauatahanui Inlet and
Lake Wairarapa were investigated for a record of land elevation change
related to subduction earthquakes but no evidence of coseismic dis-
placements was found (Fig. 8, Clark et al., 2011).

Uplifted Holocene shorelines around the Miramar Peninsula (Fig. 8)
show evidence of eight coseismic uplift events in the past 6500 years
(including the historically documented uplift of 1.35-1.5m in the
1855 CE Wairarapa earthquake). Using shells from boreholes, Pillans
and Huber (1995) estimated the penultimate uplift of the Miramar
Peninsula was at 940-260 years BP. Re-calibration of shell ages they
infer as “close to uplift of PS2” give an age range of 1170-470 years BP
and the minimum age constraint is 485-155 years BP. The age range of
this uplift event and its geomorphic evidence is too uncertain for in-
clusion in our earthquake compilation for the southern region. Pillans
and Huber (1995) assumed SL had been stable over the 6500 years, yet
we now know that relative SL has fallen since ~3000 years BP (Section
5) so it is also worth considering that evidence for a tectonic uplift of
Miramar Peninsula (where it is not accompanied by strong stratigraphic
or geomorphic evidence of sudden change) could be misinterpreted due
to non-tectonic SL fall. Given the Miramar Peninsula uplifted in the
Wairarapa earthquake, previous coseismic uplift is likely to have been



K. Clark, et al.

driven by the same upper plate fault.

Maximum coastal uplift of 6 m in the 1855 CE Wairarapa earth-
quake was recorded at Turakirae Head, southeast of Wellington (Fig. 2),
and at this location three older beach ridges record prior coseismic
uplift of similar or larger amounts (McSaveney et al., 2006). Radio-
carbon ages on shell, peat, and wood, and 19Be surface exposure dating
were used to estimate the timing of the past beach ridge (BR) uplift at
2380-2060 (BR3), 5420-4110 (BR4), 6610-6920 (BR5) years BP. We
consider the ages of McSaveney et al. (2006) for BR3 and BRS5 are the
best available to constrain the abandonment of the Turakirae Head
beach ridges, and therefore focus recalibration efforts on these ages.
Combining the two shell ages on the assumption they had the same time
of death results in a minor change to the age of BR3 to 2400-2090 years
BP. Recalibrating the terrestrial ages that constrain the age of BR5 and
using the youngest of the three wood ages (rather than a weighted
mean of the three) yields an age for BR5 of 6845-6400 years BP. These
are maximum ages for both beach ridges as it assumes the shells and
wood were living or deposited immediately prior to beach ridge uplift -
the wood in particular would have an inherited age as it was not in
growth position. We assign a low earthquake certainty to both earth-
quakes. McSaveney et al. (2006) did not directly date BR4 but instead
used a slip-predictable relationship between beach ridge uplift and age,
a method that we do not consider sufficiently reliable for inclusion in
our earthquake age compilation because there is no independent evi-
dence to suggest the Wairarapa fault and its offshore extensions con-
form to a slip-predictable earthquake behaviour model. The Turakirae
Head beach ridges are all assumed to relate to rupture of the Wairarapa
fault and its offshore extensions: the Wharekahau Thrust and Nicholson
Bank fault, as occurred in the 1855 Wairarapa earthquake (Figs. 2, 7).

The southeastern Wairarapa coast (from Cape Palliser to Cape
Turnagain) has a rich geomorphology of Holocene marine terraces
(Wellman, 1971a, b; Singh, 1971; Ota et al., 1990a, b, Berryman et al.,
2011, Litchfield and Clark, 2015; Litchfield et al., 2013; Fig. 3F). The
most recent compilation of southeast Wairarapa Holocene terrace
mapping and dating is by Berryman et al. (2011), and a short section of
coastline from Honeycomb Rock to Riversdale has been the subject of a
more detailed study by Litchfield et al. (2013). This review of the Ho-
locene marine terrace chronology along the southeast Wairarapa coast
makes minor changes to the terraces ages compared with Berryman
et al. (2011) and Litchfield et al. (2013). The age changes are mainly
due to the use of ARg = 75 * 46 years for this region, compared with
previous calibrations that used AR = —30 + 13. Detailed notes on the
revised earthquake ages are in Supplementary Data 4; here we briefly
describe the terrace chronology from southwest to northeast along the
coast.

The youngest terrace (T1) in the Cape Palliser to Manurewa Point
area (called Palliser, Table 1, Fig. 8) has an age of 1260-955 years BP;
this age is derived from the peat sitting directly on top of the marine
platform. This earthquake is assigned a low certainty due to the un-
known lag time between uplift and peat formation. T2 in the Palliser
area is dated at 2115-1755years BP, the age is derived from the
combined age of two shells in growth position within beach gravels on
the platform. We assume the shell death was caused by coseismic uplift
and this earthquake has a moderate certainty. T3 has an age of
3970-3510, based on one wood sample resting on the terrace platform;
this earthquake has a low certainty due to the poor age control.

Fifteen radiocarbon ages from the youngest terrace on the
Honeycomb Rock to Riversdale coastline (Honeycomb, Table 1;
Figs. 3F, 7) mean this terrace has a well constrained uplift age of
560-410 years BP. The high concentration of ages on this terrace is
because Litchfield et al. (2013) tested whether the terrace uplift age
was similar to EQ1 at Mataora-Wairau Lagoon. When using the com-
bined ages of 8 shell radiocarbon dates from the terrace platform and a
AR = —30 * 13, Litchfield et al. (2013) estimated T1 uplift occurred
at 655-618 years BP. Our revised ARy value and terrace age model, in
which uplift immediately post-dates the platform shell ages, results in a
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younger terrace uplift age of 560-410 years BP which entirely overlaps
with the 20 age range for EQ1 at Mataora-Wairau Lagoon (Table 1). T2
along the Honeycomb Rock coastline has a revised age of
1051-806 years BP; this age was obtained from the combined age of
two shells on the terrace platform and the earthquake has moderate
certainty (Table 1). Berryman et al. (2011) correlated the T1 from the
Cape Palliser-Manurewa Point area with T2 at Honeycomb Rock. Our
calibration of the Honeycomb T2 shell ages places them younger than
the Palliser T1 age and we no longer consider that the two terraces
represent the same earthquake (although there is a small amount of
overlap at the 2-0 age range). T2 terrace at Flat Point is slightly older
than T2 at Honeycomb Rock and has a revised age of 1590-1350 years
BP, based on the combined age of two shells in growth position on the
terrace platform; this earthquake has a moderate certainty.

The revised terrace ages for the Whareama River (T1 and T2),
Mataikona River (T1), and Cape Turnagain (T1) areas are ~100 years
younger than the terrace ages presented by Berryman et al. (2011), with
the age difference only due to the revised ARg. Each terrace has a low
earthquake age certainty because we select only one shell from near or
resting directly on the terrace platform to constrain the time of uplift
(Table 1). We assume the shell death was caused by coseismic uplift, an
assumption better justified when there is an assemblage of similarly
aged shells which in these cases we do not have. The recalibrated age
for the shell at Cape Turnagain is mostly within the historic period, and
there is no historical evidence for uplift there, so we consider this age to
be unreliable.

In summary, nine past earthquakes that caused coseismic uplift of
the southeast Wairarapa coast have been dated using radiocarbon ages
from Holocene marine terraces (Table 1). There are many more terraces
that have not been dated. Berryman et al. (2011) provide re-
connaissance-level terrace mapping and dating which provides a valu-
able framework but Litchfield et al. (2013) demonstrate the increased
certainty that can be placed on earthquake ages when targeted studies
are undertaken. The recent acquisition of LiDAR from along the Wair-
arapa coast offers opportunity to improve the terrace mapping and
better understand the faults driving uplift.

Marine terrace uplift along the southeast Wairarapa coast is usually
attributed to offshore upper plate reverse faults (i.e. scenario 2 in Fig. 6;
Berryman et al., 2011, Litchfield et al., 2013, Litchfield and Clark,
2015). Currently much of the reasoning for upper plate fault causation
is the limited margin-parallel extent of the terraces. The maximum
along-margin extent of a single terrace is <50km (according to cor-
relations by Berryman et al., 2011) and subduction earthquakes are
speculated to cause greater extents of upper plate deformation (i.e.
scenario 1, Fig. 6). Berryman et al. (2011) also reason that subduction
earthquake deformation should be elastic and recovered during the
interseismic period, while the permanent deformation recorded by the
terraces is consistent with an upper plate mechanism.

Reasons to consider the southeast Wairarapa marine terraces could
have been uplifted by subduction earthquakes include the absence of
mapped nearshore faults along part of the coast (Fig. 8), the possibility
of heterogeneous interface rupture producing small patches of high
uplift, and the likelihood of synchronous upper plate-interface rupture
(scenario 3, Fig. 6). From Cape Palliser up to Honeycomb Rock, the
Palliser-Kaiwhata fault is located relatively close (3-6km) to the
coastline (Fig. 8, Barnes and Mercier de Lepinay, 1997; Barnes et al.,
1998) and is a plausible causative fault for marine terrace uplift.
However, north of Honeycomb Rocks nearshore upper plate faults have
not been mapped (the faults mapped by Berryman et al. (2011) are
inferences based on marine terrace data). There is no significant de-
crease in terrace occurrence or elevation north of Honeycomb Rocks
suggesting either undocumented upper plate faults do exist or an al-
ternative fault source, such as the subduction interface, drives uplift.
The reasoning that a subduction earthquake would uplift greater ex-
tents of the coast than an upper plate fault could be reconsidered:
heterogenous interface slip could produce localised coastal uplift and
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patches of uplift separated by regions of negligible coastal change (e.g.
Jara-Muiioz et al., 2015). Furthermore, the likelihood that upper plate
reverse faults rupture synchronously with the subduction interface
should be considered. The relatively shallow depth of the interface
(< 15km) beneath the offshore reverse faults of the Wairarapa coast
could imply strong connectivity between the crustal faults and the in-
terface, so synchronous (or closely spaced in time) rupture is a very
plausible scenario. Untangling a subduction earthquake signal from the
SE Wairarapa marine terraces may be complicated, but we contend that
the terraces cannot be uniquely assigned to an upper plate fault signal
and future studies should give greater consideration of subduction in-
terface involvement in terrace uplift.

7.2.1. Paleotsunami of the southern region

The southern region of the Hikurangi margin has a rich paleotsu-
nami record compared to other parts of the margin, with two tsunamis
associated with coseismic coastal subsidence and several sites with only
paleotsunami evidence (Fig. 8). Paleotsunamis associated with coastal
deformation have been found at Mataora-Wairau Lagoon (Clark et al.,
2015; King et al., 2017) and at Okupe Lagoon (Cochran et al., 2015).
The NZPD lists 49 sites on the western side of Cook Strait and most of
these are related by Goff and Chagué-Goff (2015) to a regionally sig-
nificant paleotsunami in the 15th century. On the eastern side of Cook
Strait, around the Wellington and Wairarapa coasts, there are surpris-
ingly few paleotsunami records given the number of offshore faults and
tectonic activity evident from the coastal deformation.

Paleotsunami studies on the western side of Cook Strait hint at a
regional paleotsunami at ~1470-1510CE (Goff and Chagué-Goff,
2015) although the tsunami source is unknown and we suggest there is
low confidence the data relates to one event given the poorly-dated
evidence. This region overlies the deep part of the Hikurangi subduc-
tion interface (> 30 km deep) and a large subduction earthquake could
generate a tsunami either by vertical displacement of the seafloor west
of Cook Strait or through propagation of a large tsunami from east to
west through Cook Strait. Submarine upper plate faults are present on
the western side of Cook Strait but they have relatively low rates of
activity and relatively modest estimated maximum magnitudes of My,
5.7-7.5 (Fig. 1, Nodder et al., 2007). Goff and Chagué-Goff (2015) point
to eight key sites for evidence of the 1470-1510 CE paleotsunami. Of
these eight sites, four sites have radiocarbon age data and the remaining
four are dated by correlation to other sites or constrained as post-Maori
occupation by archaeological horizons. One of the key sites is Okupe
Lagoon, which we have discussed above. The refined earthquake and
tsunami age for Okupe Lagoon at 620-564 years BP (1330-1386 CE)
predates the 1470-1510 CE regional paleotsunami by c. 100 years. We
acknowledge a wealth of evidence suggests a widespread coastal dis-
turbance event post-Maori occupation on the western side of Cook
Strait but chronological control to substantiate the correlation of re-
gion-wide tsunami evidence is lacking. The recent recognition of an
active fault running through Okupe Lagoon (Cochran et al., 2015) de-
monstrates that local earthquake sources can cause local-scale dis-
turbances which could be mis-correlated to regional signals when the
age constraints are poor.

Along the Wellington and Wairarapa coasts there are 16 sites in the
NZPD, but three relate to historical tsunamis and, of the remaining 13
sites, only two sites have a high validity status (according to the evi-
dence ranking system employed by the NZPD) along with accom-
panying radiocarbon age data for chronological control. At Okourewa
Stream, on the south Wairarapa coast (Fig. 8), a gravel layer that
reaches 1.4 km inland with shell and marine microfauna, is interpreted
as a tsunami deposit. The age constraints on this unit place it between
~1400 years BP and 1890 CE, so it may relate to the 1855 CE tsunami
or an earlier event (Goff et al., 1998). At Okoropunga on the south-
eastern Wairarapa coast, an extensive sand layer overlying Maori hor-
ticultural features is attributed to tsunami deposition (Fig. 8, Goff et al.,
2004). The only age constraints are two charcoal ages from the
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archaeological layers below the sand (McFadgen, 1980), and recali-
bration of these ages places the tsunami at < 500-280 years BP. Due to
the large age uncertainties, neither of these paleotsunamis are added to
our event age compilation for the southern region. There are many
other paleotsunami records on the Wellington and Wairarapa coasts but
they lack age control (for example, 11 sites in the NZPD without site-
specific age control), and additionally Berryman et al. (2011) noted that
shells of anomalously young ages for their elevation were found at
Honeycomb Rock, Flat Point, Te Kaukau Point and Whareama River
(Fig. 8). The anomalously young shells were signalled as potentially
tsunami deposits, particularly because their ages coincided with terrace
uplift ages from nearby locations, but studies of the depositional units
around the shells were not undertaken. We don't include these shells in
the event age compilation because there is not sufficient evidence they
are, in fact, tsunami deposits. The lack of paleotsunami deposits along
the Wellington and Wairarapa coast is likely a function of a lack of
targeted studies and few ideal depositional environments (most of the
coast is steep and rocky), rather than a lack of tsunami occurrence.

7.3. Central region

The central region of the Hikurangi margin encompasses a margin-
parallel coastline with intermittent preservation of marine terraces
(south of Cape Kidnappers and at Mahia Peninsula; Fig. 3D) and the
large margin indentation of Hawke Bay where coastal lagoons (Fig. 3C)
record the longest records of subduction earthquakes preserved along
the Hikurangi margin. The transition zone from strong to weak inter-
seismic coupling on the subduction interface occurs at the boundary
between the southern and central regions, near Cape Turnagain (Fig. 1,
Wallace et al., 2012a, b). Consequently, changes in the characteristics
of subduction zone paleoseismology north and south of the locking
transition is of particular relevance for understanding how past large
earthquake rupture patches relate to the contemporary deformation of
the plate interface.

The embayment of Porongahau, 20 km north of Cape Turnagain
(Fig. 9), has a mixed history of Holocene vertical deformation with
uplift in the west and subsidence in the east, but no identified coseismic
displacements. Hayward et al. (2012b) collected 5 sediment cores
across the Porongahau coastal plain and obtained four radiocarbon ages
from the Holocene marine sediments underlying the plain. There may
be potential to improve the Holocene vertical history of Porongahau as
the existing cores are sparse for the extent of the coastal plain.

From Blackhead to Cape Kidnappers, a distance of 66 km, there is
very patchy preservation of 1-3 Holocene marine terraces that most
likely relate to uplift on the Kidnappers or Kairakau reverse faults lo-
cated 4-12km offshore (Fig. 9, Ota et al., 1990a, b; Miyauchi et al.,
1989; Paquet et al., 2009; Mountjoy and Barnes, 2011). At Blackhead,
Aramoana, and Pourere up to three marine terraces are preserved but
only four radiocarbon ages have been obtained, and there are too few
dates to derive robust earthquake ages from this site (Ota et al., 1990b).
At Waimarama, ten radiocarbon ages have been obtained from across
two terraces (Miyauchi et al., 1989; Hull, 1987). Ages from the older
terrace, T2, have a spread of > 1500years but if we assume the
youngest age approximates terrace uplift then the earthquake occurred
at 5030-4490 years BP; this earthquake has a low certainty due to the
poor age control (Table 1). From the 11 ages on T1 between Wai-
marama and Cape Kidnappers, five ages cluster at the younger end of
the age distribution and we suggest this cluster records the timing of
uplift. A combined age for these five shell radiocarbon ages is
2310-2065 years BP; we assign a moderate certainty to this earthquake
(Table 1).

One of the longest, and likely most complete, records of coseismic
subsidence along the Hikurangi margin has been obtained from Ahuriri
Lagoon, near Napier (Fig. 9), where 8 subsidence events and two uplift
events are recorded within the ~7000 year history of lagoon infilling
(Hull, 1986; Hayward et al., 2006, 2016). In 1931 Ahuriri Lagoon was
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Fig. 9. Topography, active fault and coastal deformation data locations along
the central region of the Hikurangi margin. KF: Kidnappers fault.

uplifted 1-1.5 m by rupture on a blind thrust fault (Fig. 2, Hull, 1990),
but prior to this the lagoon had a vertical history dominated by co-
seismic subsidence. The most recent study of Ahuriri Lagoon coseismic
subsidence is by Hayward et al. (2016) who documented 10 past
earthquakes using the foraminifera records of relative sea-level change
across 45 sediment cores. The record is complex with the margins of the
lagoon changing rapidly in time and space so that unconformities are
common and any single core rarely contains evidence for more than
four earthquakes. Hayward et al. (2016) provides a ranking of the
strength of evidence for each past earthquake, ranging from weak to
strong evidence and 33 radiocarbon ages and 3 tephras constrain the
Bayesian age model of earthquake ages. We adopt the Hayward et al.
(2016) age model with minor modification (we identified two outliers,
see age model in Supplementary Data 4) in this review but use the
ARg = 189 + 60 years obtained from shells collected prior to 1931 in
Port Ahuriri (as Ahuriri lagoon was called prior to uplift). This shifts the
earthquake ages slightly younger and broadens the age range due to the
increased uncertainty margin on the AR value compared to the value of
—30 = 13 used by Hayward et al. (2016). The revised earthquake
ages, and our assessments of the earthquake certainty are in Table 1.
Coseismic subsidence at Ahuriri Lagoon is inferred by Hayward
et al. (2016) to be driven by subduction earthquakes, based largely
upon temporal correlation to coastal deformation at widely-spaced sites
along the Hikurangi margin. The inboard position of Ahuriri Lagoon
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(~150 km margin-normal distance from the trench and 20 km above
the plate interface, Fig. 1) mean it is feasible it would subside in large
subduction earthquakes, and forward elastic dislocation models support
this (Fraser et al., 2013). Furthermore, an upper plate fault in a location
capable of causing subsidence at Ahuriri Lagoon and with a slip rate
sufficiently high to generate large earthquakes at recurrence intervals of
~1000 years, has not yet been identified despite reasonably dense
seismic surveys within Hawke Bay (Paquet et al., 2009).

Coseismic subsidence is also recorded within sediment cores from
Pakuratahi Valley, 15 km north of Ahuriri Lagoon, and at this location
two of the six recorded earthquakes are accompanied by evidence of
tsunami inundation (Fig. 9, Supplementary Data 2). The sediment and
microfossil record found within three cores and a riverbank outcrop,
shows reversals in paleoenvironment in a sequence that otherwise
transitions from marginal marine to freshwater as the valley filled in
over the past 7000 years. Six paleoearthquakes are identified and
characterised by a sudden rise in relative sea level and/or increase in
salinity (Supplementary Data 2). Bayesian age modelling incorporating
17 radiocarbon dates from shell and terrestrial organic fractions, and
two tephras constrains the six earthquakes ages (Table 1). Like Ahuriri
Lagoon, the most likely cause of subsidence at Pakuratahi Valley is a
subduction earthquake.

In northern Hawke Bay, the coastal lagoons of Te Paeroa and Opoho
hold records of coseismic subsidence and tsunamis (Figs. 3¢, 8, Chagué-
Goff et al., 2002; Cochran et al., 2006). In a detailed paleoecological
study, Cochran et al. (2006) describe the sedimentary signatures of the
events as “sudden interruptions of coarse-grained, marine-derived units
associated with thick packages of chaotically mixed, reworked sediment
from various sources across the coastal plain and little change in ele-
vation from pre- to post-event paleoenvironments”. Of note is the rapid
infilling of accommodation space after the earthquake because post-
event sediment reworking impacts the ability to constrain the earth-
quake ages. The Cochran et al. (2006) study has a wealth of radio-
carbon age data but was undertaken prior to routine use of Bayesian age
modelling. We construct age models for each Te Paeroa and Opoho core
individually, enabling a more robust identification of radiocarbon dates
from reworked material because the stratigraphic position is known (as
opposed to constructing a composite chronological model by merging
cores when the stratigraphic relationships are not known). The most
reliable constraint on the oldest earthquake (Te Paeroa/Opoho Eql) is
obtained from Te Paeroa Core 1 and from Opoho cores 1 and 2. We
combine the earthquake ages from each of these cores to obtain an age
of 7250-7020 years BP for Eql (Table 1, see details in Supplementary
Data 4). The age for Te Paeroa/Opoho Eq2 is most reliably obtained
from Te Paeroa core 3 and is dated at 5600-5105 years BP (Table 1).
The high-resolution paleoenvironmental data and age control mean
both Eql and Eq2 have a high certainty.

Lagoon infilling and increasing isolation from the sea mean that
after ~5000 years BP, Te Paeroa and Opoho have paleoenvironments
dominated by freshwater and alluvial/dune systems which are not as
sensitive for recording vertical coastal deformation. Chagué-Goff et al.
(2002) noted evidence of a possible saltwater influx to Te Paeroa La-
goon just after deposition of the Waimihia tephra (3401 = 108 years
BP; Lowe et al., 2013) but the nature of the event was not explored in
detail. The cause of coseismic subsidence and tsunami at Te Paeroa and
Opoho could be rupture of the Lachlan fault (a listric reverse fault
offshore of Mahia Peninsula, Fig. 9, Barnes et al., 2002) and/or a sub-
duction earthquake (Cochran et al., 2006). Dislocation models by Fraser
et al. (2013) show negligible subsidence at Te Paeroa and Opoho due to
Lachlan fault rupture and significantly more subsidence due to a sub-
duction interface rupture, suggesting the subduction interface is a more
likely driver of subsidence at Te Paeroa and Opoho than the Lachlan
fault.

Directly east of Te Paeroa and Opoho is Mahia Peninsula, where
well-preserved sequences of Pleistocene and Holocene marine terraces
(Fig. 3D) record coseismic uplift (Berryman, 1993a, b; Berryman et al.,
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2018). The most recent compilation of marine terrace ages is in
Berryman et al. (2018), who describe and date samples from trenches
exposing the coverbeds of four terraces at Table Cape. Fifty one
radiocarbon ages and two airfall tephras provide age control on terrace
uplift. We adopt the Bayesian age model provided by Berryman et al.
(2018) but use ARg = 109 *+ 44 years. Compared with Berryman et al.
(2018) the ages of the third and fourth terraces remain essentially the
same because they are bounded by tephra ages (Table 1). The second
terrace age (Eq2) is refined to 1360-1120years BP and the lowest
terrace (Eql) has an age of < 102 years BP. The modelled age of the
lowest terrace places the terrace uplift within the historic period and
yet there is no written record of an earthquake at Mahia Peninsula. To
explain this very young terrace age either many shells on the lowest
terrace post-date terrace uplift or the ARy value is too high. We assign a
high certainty to the earthquakes that uplifted terraces T2, T3 and T4
but do not use the age of T1 as it is unreliable. There is a 5th Holocene
terrace on Mahia Peninsula but the age is only constrained by two
radiocarbon dates at Auroa Point (Berryman, 1993b). Assuming the two
dates are a maximum age for the terrace and a minimum age is pro-
vided by radiocarbon dates on the fourth terraces at Table Cape yields a
broad terrace uplift age of 5025-3570 years BP. Due to the poor age
control on T5, we assign this a low earthquake certainty. Uplift of the
Mahia Peninsula Holocene terraces is assumed to be driven by earth-
quakes on the Lachlan fault (Fig. 9, Barnes et al., 2002, e.g. scenario 1
in Fig. 6). However, forward elastic dislocation models by Cochran
et al. (2006) and Fraser et al. (2013) show that subduction earthquakes
could also produce uplift at Mahia Peninsula (e.g. scenario 2 in Fig. 6).
Situated 85 km west of Mahia Peninsula and 30 km above the sub-
duction interface is Lake Tutira (Fig. 9). A 37 m-long lake sediment core
archives a continuous record of mass-transport deposits, tephra and
autochthonous muds that spans the last ~7000 years (Orpin et al.,
2010). 119 ‘homogenites’ composed of fining upwards, largely auto-
chthonous, silty clays are inferred to be formed by earthquake triggered
subaqueous mass-wasting (Orpin et al., 2010; Gomez et al., 2015).
Triggering earthquakes are inferred to generate shaking of Modified
Mercalli Intensity (MMI) VII or greater at the lake site. Hence, Lake
Tutira provides an integrated record of seismicity for the wider Hawkes
Bay region with onshore and offshore upper plate faults, along with the
subduction interface capable of generating a signal in the lake.
Chronology for the earthquake triggered homogenites in Lake Tutira
is derived from linear interpolation between 17 Holocene tephra de-
posits identified in the sedimentary sequence. The age model provides
very precise earthquake ages with 20 uncertainties ranging from + 2
to = 210years. Event based correlations between a subset of homo-
genite ages and the records of coseismic coastal subsidence and marine
terrace uplift from Hawke Bay have been used to tentatively argue that
Lake Tutira archives subduction interface and Lachlan fault earth-
quakes (Gomez et al., 2015). However, these event correlations are
problematic because more than one homogenite in Lake Tutira corre-
lates with the paleoearthquake age distributions. The problematic
nature of these correlations are compounded by the Tutira age model
itself. The use of strictly linear interpolation between tephra ages based
on the assumption of constant autogenic sediment accumulation be-
tween events produces overly prescribed earthquake age uncertainties.
Remodelling of the Tutira age model using a Bayesian approach that
allows for variation in autogenic sediment accumulation (Bronk
Ramsey and Lee, 2013) provides more realistic 20 uncertainties that
range from * 3 to = 412 years, which are twice that of the age model
derived by linear interpretation (Fig. S4e). We acknowledge that the
Tutira record probably records shaking from large subduction interface
earthquakes in addition to a wide range of other fault sources. Given
the non-unique correlations between earthquakes triggered homo-
genties in the lake records and other paleoseismic data we do not
consider it further in the current review because it currently lacks the
chronological precision required to inform the timing of subduction
earthquake. Despite the low precision chronology, the Tutira
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paleoseismic record demonstrates time-independent (poissonian) re-
currence large earthquake on the fault network in the Hawke's Bay
region.

7.3.1. Paleotsunami of the central region

The central region of the Hikurangi margin has a relatively sparse
record of paleotsunamis with most detailed studies coming from la-
goons around Hawke Bay where paleotsunamis occur in association
with lagoon subsidence (Fig. 9, Chagué-Goff et al., 2002; Cochran et al.,
2006). Many sites in the NZPD relating to the central region coastline
have preliminary and poorly dated evidence of paleotsunami, for ex-
ample, pebbles in sand dunes or gravel layers separating Maori occu-
pation horizons (NZPD, 2018; Goff, 2008). Such information is in-
dicative of coastal disturbance but requires further study to confirm a
tsunami origin and improved chronological control. Studies of pa-
leotsunami were undertaken by Goff (2008) at Clive and Porongahau in
an effort to improve the paleotsunami record of the Hawke Bay region.
Sediment cores revealed anomalous sand layers with four possible
tsunami deposits identified at Clive and three at Porongahau over the
past ~5000 years but no events are sufficiently well dated to include in
the tsunami age compilation. The sparse record of paleotsunamis in the
central region is most likely a reflection of few detailed studies with
appropriate age control. Of particular note is the lack of evidence to
date of paleotsunami within Ahuriri Lagoon, despite its long record of
coseismic subsidence. Studies at Ahuriri Lagoon have targeted the in-
land margins of the inlet for land level change studies (Hayward et al.,
2016), but such sites are not optimal for paleotsunami study. Further
seaward and/or deeper parts of the former lagoon may hold better
potential for preserving paleotsunami deposits than the landward
margins.

7.4. Northern region

The Raukumara Peninsula displays diversity in style and rates of
coastal deformation: the highest uplift rates along the margin are at
Puatai Beach; subsidence is recorded at Poverty Bay; and long stretches
of the northern coast hold no records of Holocene coseismic deforma-
tion (Fig. 10, Ota et al.,, 1992; Clark et al., 2010). Contemporary
earthquake behaviour on the northern margin is also quite diverse: slow
slip events with equivalent moment releases of Mw 6.3-6.8 occur every
~2 years offshore of Gisborne (Wallace and Beavan, 2010), yet in 1947
the two largest earthquakes on the subduction interface occurred near
the trench generating tsunamis with runup up to 11 m.

The Poverty Bay Flats near Gisborne are tilted, with Holocene uplift
in the east and subsidence in the southwest (Brown, 1995; Berryman
et al., 2000; Hayward et al., 2015b), but the tectonic structure driving
this tilting is not well understood. In the region of subsidence, Hayward
et al. (2015b) obtained 23 sediment cores extending to 5.5 m depth and
back to 6000 years BP. The sediment cores showed evidence of two
coseismic vertical movements - one uplift and one subsidence. The age
constraints on each coseismic event are relatively sparse but we concur
with the age model presented by Hayward et al. (2015b), only mod-
ifying the marine reservoir correction to ARg = 109 *+ 44 years. The
earthquake causing coseismic subsidence occurred at 6115-5125 years
BP and the coseismic uplift occurred at 4710-4195 years BP. We con-
sider both of these earthquakes to have low certainty due to the rela-
tively weak paleoenvironmental evidence for the coseismic displace-
ments, and the sparse age control. The fault driving the uplift and
subsidence at western Poverty Bay is unknown; no active faults have
been identified proximal to Poverty Bay onshore or offshore (Fig. 10).
Hayward et al. (2015b) speculate a subduction earthquake could have
caused the subsidence, while an upper plate fault or a subduction in-
terface rupture could have caused uplift.

At Pakarae River mouth and Puatai Beach, sites separated by
~9 km, high uplift rates (> 3 mm/ yr) are manifest by a well-defined
Holocene marine terraces (Fig. 3A) that have been extensively studied
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(Fig. 10, Ota et al., 1991; Berryman et al., 1992; Wilson et al., 2006;
Litchfield et al., 2010, 2016, submitted). The most recent and highest-
resolution study of the Pakarae and Puatai terraces comes from
Litchfield et al. (2016, submitted) who excavated trenches across the
lowest three terraces at each location (e.g., Fig. 3B). Multiple shell
radiocarbon ages from beach sediments on each terrace, coupled with
tephra within the non-marine cover sediments and complete exposure
of the stepped terrace strath resulted in well-constrained earthquake
ages at each site. Litchfield et al. (submitted) used the same
ARy = 109 *+ 44 years that we use in this study so we have not mod-
ified their earthquake age model. The earthquake ages at Puatai Beach
are: T3: 1785-1710years BP; T2: 1160-920years BP; TI1:
455-260 years BP (Table 1). The earthquake ages obtained from terrace
trenches at Pakarae are: T3: 1530-1300 years BP; T2: 700-530 years BP
and T1 could not be dated with any confidence (Litchfield et al., sub-
mitted). The older terraces at Pakarae have previously been dated by
Ota et al. (1981) and Wilson et al. (2006). Using a Bayesian model that
assumes uplift occurred after deposition of the dated shells on each
terrace, and before deposition of shells on the next lowest terrace, we
obtain broad terrace age ranges of: T4: 2080-1500 years BP; T5:
3360-2240 years BP; T6: 4150-3510 years BP. A further 4 km north of
Puatai Beach, is Waihau Bay where three or four marine terraces were
recorded by Ota et al. (1981). Two identical shell radiocarbon ages of
1870-1460 years BP were obtained from the second lowest terrace and
we adopt this as the T2 earthquake age but assign a low certainty.
Uplift of the Pakarae-Puatai area is thought to be driven by near-
shore upper plate faults, such as the Gable End fault (GEF on Fig. 10,
Litchfield et al., 2010, submitted; Mountjoy and Barnes, 2011). Rupture
of the subduction interface could produce uplift at Puatai and Pakarae,
but the patch of interface rupture would need to be relatively large to
produce the 2-3m of uplift recorded at Pakarae and Puatai, and
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therefore would cause uplift at both sites synchronously (for example,
see dislocation models in Litchfield et al., 2010). The temporal offset in
earthquake ages between Puatai and Pakarae is more consistent with
the heterogenous uplift pattern expected from a segmented, nearshore
upper plate faults.

At multiple locations between Tolaga Bay and Hicks Bay (90 km
apart) Holocene marine terraces are present and attest to tectonic uplift,
although the driver of uplift, and whether it is driven by earthquakes or
aseismic, gradual processes is currently unresolved (Wilson et al.,
2007a; Ota et al., 1992). Ota et al. (1992) describe 2-3 Holocene
marine terraces at Tolaga Bay, Kaiaua Bay, Karaka Bay, Tokomaru Bay
and Waipiro Bay (Fig. 10). The ages are sparse however, so, with the
exception of Tolaga Bay, we consider the ages of coseismic uplift events
cannot be determined with any useful degree of certainty. At Tolaga
Bay, three terraces have been identified. The middle terrace, T2, has
three shell radiocarbon ages that pre-date uplift and a post-uplift wood
age and Waimihia tephra. These age constraints yield an earthquake
age of 4595-3780 years BP; we assign a low certainty to this earthquake
age to reflect the sparse radiocarbon ages (Table 1). Terraces T1 and T3
at Tolaga Bay do not have sufficient age control to obtain an earthquake
age.

The coastline between East Cape and Hicks Bay has multiple marine
terraces, uplifted beach ridge sequences and uplifted early Holocene
transgressive estuarine sequences (Fig. 10). These coastal geomorphic
features all attest to high late Quaternary uplift rates (up to 3 mm/ yr),
however it is not certain that large earthquakes drive the coastal uplift
(Wilson et al., 2007a, b; Clark et al., 2010). Several shell radiocarbon
ages have been collected from the marine terraces between Te Araroa
and East Cape but no sites have sufficient dates to constrain the timing
of coseismic uplift. Five shells collected from four sites on the lowest
marine terrace have ages ranging from 1140 to 760 years BP to <
240years BP, and from the second terrace only one age of
955-655 years BP. Clark et al. (2010) suggest uplift of the East Cape to
Hicks Bay coastline is due to gradual and aseismic process driven by
sediment underplating. The suggestion of gradual uplift largely rests
upon the absence of evidence for large coseismic events, for example,
no large steps in the beach ridge sequence at Te Araroa, no sudden
paleoenvironmental changes in the estuarine sequence at Hicks Bay,
and poorly defined marine terrace geomorphology (Wilson et al.,
2007a). However, it is possible that small but frequent coseismic uplift
could drive uplift of the East Cape region, with uplift amounts below
the threshold detectable (i.e. < 0.85m vertical movement) with the
paleoenvironmental methods used by Wilson et al. (2007a). For the
purposes of this review, the inability to derive a reliable terrace uplift
age coupled with uncertainty about the tectonic mechanisms driving
uplift mean we have not defined any earthquake ages for the East Cape
to Hicks Bay section of coastline.

7.4.1. Turbidite records of the northern Hikurangi margin

The northern Hikurangi margin is currently the only region for
which turbidite paleoseismology has been used to reconstruct the fre-
quency and magnitude of prehistoric earthquakes (Pouderoux et al.,
2012a, b, 2014). The turbidite paleoseismology studies have been iso-
lated to three morphological re-entrants scars into the continental slope
that form independent late Quaternary sedimentary systems (Poverty,
Ruatoria and Matakaoa re-entrants, Fig. 10). The sediment sequences
from these re-entrants are recorded in cores that span the last
~16,500 years and reveal interbedded hemipelagites and silty turbi-
dites with isolated hyperpycnites and monomagmatic turbidites
(Pouderoux et al., 2012b).

Paleoseismic interpretations of turbidite sequences from the
Poverty, Ruatoria and Matakahoa re-entrants are based on correlation
of turbidites between the distributary systems and the argument that
large earthquakes are the primary mechanism triggering synchronous
slope failures on the upper slope over length scales of hundreds of
kilometers (cf. Goldfinger et al., 2012; Gracia et al., 2010; Patton et al.,
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2015). Correlations are based on four criteria: 1) primary air fall tephra
that provide isolated but absolute time planes through the sequences
(Lowe et al., 2008); 2) turbidite ages generated using Bayesian age/
depth modelling of tephrochronology, pelagic foraminifera radiocarbon
dates and accumulated hemipelagite thickness; 3) correlation of turbi-
dite physical properties (density, magnetic susceptibility and p-wave
velocity signatures (cf. Goldfinger et al., 2012; Patton et al., 2015); and
4) relative depth of hemipelagite between turbidites. Pouderoux et al.
(2014) argue for 41 synchronous turbidite deposition events recorded
in two or more re-entrants between 390 = 170 and
16,450 + 310 years BP. These ‘margin wide’ events imply synchronous
triggering along ~170-200 km of the margin. An earthquake trigger
was inferred for the 17 ‘margin wide events’ that occurred during the
Holocene sea level high stand, when seismic shaking is the only process
likely to trigger synchronous upper slope mass-wasting in more than
one re-entrant (Pouderoux et al., 2014). A minimum magnitude for
these earthquakes of M,, > 7.3 was inferred through modelling that
used ground motion prediction equations (Cousins et al., 1999) and an
assumed triggering threshold of 0.08-0.1 g peak ground acceleration
for mass-wasting. Using fault sources in the New Zealand Seismic Ha-
zard model (Stirling et al., 2012), only three fault sources were calcu-
lated to be capable of generating the turbidite records: Raukumara
subduction interface segment, the Ruatoria South 1 fault and the Ariel
Bank fault (Pouderoux et al., 2014). The analysis by Pouderoux et al.
(2014) also suggests that rupture of the Raukumara subduction inter-
face segment is the only source capable of generating the 10 synchro-
nous turbidite events in all three re-entrants that have occurred in the
last ~7500 years and these are dated in Pouderoux et al. (2014).

We consider it robust that seismic shaking triggered the majority of
turbidites recorded in the sediment cores studied by Pouderoux et al.
(2014), however we consider some of the assumptions made in turbi-
dite correlation and fault source attribution are not sufficiently robust,
therefore we do not include the turbidite-derived earthquake ages in
our earthquake compilation. Defining specific fault sources from the
turbidite paleoseismic record on the Northern Hikurangi margin re-
quires three major inferences to be made, these are: 1) spatial patterns
of synchronous turbidite deposition are well supported by turbidite
correlations between discrete sedimentary systems; 2) the triggering
threshold for upper slope mass-wasting is known; and 3) the distribu-
tion of potential fault sources is well constrained (Pouderoux et al.,
2014).

Absolute temporal correlations of turbidites between the Poverty,
Ruatoria and Matakaoa re-entrants are limited by age model precision
(Pouderoux et al., 2012b, 2014). For most cores very little time, if any,
lies outside of the 20 uncertainty of the age probability distributions for
sequential turbidites, meaning that temporal turbidite correlations be-
tween re-entrants are non-unique (Pouderoux et al., 2012b, 2014).
Hence, the primary basis for relating turbidites between distributary
systems is the correlation of turbidite ‘fingerprints’ in core physical
properties (density, magnetic susceptibility and P-wave velocity) data
(Pouderoux et al., 2014). The approach of ‘fingerprinting’ turbidites
based on peaks in physical properties data that provide a reliable proxy
for grainsize was pioneered in Cascadia (Goldfinger et al., 2012). There
the number and distribution of coarse grained pulses at the base of
turbidites correlate between discrete sediment distributary systems
along ~1000km of that margin (Gutiérrez-Pastor et al., 2013). By
comparison, correlations of turbidite ‘fingerprints’ based on physical
properties data between re-entrants on the Northern Hikurangi margin
are less compelling in that neither the number nor distribution of peaks
in physical properties data from turbidite bases appear routinely con-
sistent between correlated turbidites (see Figure SM2.03 of Pouderoux
et al., 2014). Therefore, correlations based on this approach are less
robust. Arguments for synchronous triggering are further compounded
by the presence of stacked turbidites that record deposition from mul-
tiple turbidity currents closely spaced in time. These are considered as
single depositional events for the purposes of correlation by Pouderoux
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et al. (2014), which ultimately precludes unequivocal spatial correla-
tions for many events. Improved turbidite correlations will require
more precise chronologies but the current record with non-unique
correlations weakens the evidence for margin-wide earthquake trig-
gering.

The inference of M, > 7.2 earthquakes on the subduction interface
also relies on an inferred threshold for upper slope mass wasting and
accurate fault source knowledge. The ground motion threshold for
triggering upper slope mass-wasting of peak ground acceleration
(PGA) > 0.08-0.1 was derived from global data that range from 0.08 to
0.6 (Pouderoux et al., 2014). Slope failure is likely to be governed by
local conditions mediated by sediment supply and earthquake rate,
therefore a more robust analysis of earthquake source will require a
locally derived triggering threshold. The spatial distribution of earth-
quake sources in the New Zealand National Seismic Hazard model is
simplified, and recent data suggests it may be incomplete given the
increased density of faults identified through new mapping based on
high resolution seismic and multibeam bathymetry data (e.g. Bottner
et al., 2018; Litchfield et al., submitted). The seismic hazard model also
rarely takes into account the possibility of multi-fault rupture whereby
several upper plate faults could rupture synchronously to produce more
widespread ground shaking than otherwise expected for a single fault
rupture (e.g. the 2016 Kaikoura earthquake, Hamling et al., 2017). The
potential for a higher density of upper plate faults offshore of the
northern Hikurangi margin and the recognition of multi-fault rupture
potential complicates the interpretation that upper plate fault sources
are unable to trigger slope failure in all three re-entrants.

The offshore sediment cores of the northern Hikurangi margin
contain a rich record of seismically-triggered turbidites but our revision
of the assumptions involved in deriving a subduction earthquake record
suggests the earthquake ages and sources are relatively poorly con-
strained at present. With greater certainty in the core chronologies to
bolster the turbidite correlations and increased knowledge of triggering
thresholds and offshore fault distributions, the turbidite record does
hold potential for understanding subduction earthquake characteristics
of the northern margin.

7.4.2. Paleotsunami of the northern region

The northern region has a very sparse record of paleotsunami with
only three sites recorded in the NZPD, and several possible deposits
noted incidentally from marine terrace studies (Fig. 10). Given the
northern region is the location of two of New Zealand's largest local
source tsunamis (1947 Poverty Bay and Tolaga Bay earthquakes,
Fig. 2), the contrasting sparseness of paleotsunamis is particularly no-
table. There have been few targeted studies of paleotsunamis on the
northern Hikurangi margin, and additionally poor preservation of pa-
leotsunamis may be due to the high coastal uplift rates that result in few
optimum back-barrier/coastal plain depositional environments and, in
some areas, rapid Holocene coastal progradation due to high fluvial
sedimentation rates (e.g. Wolinsky et al., 2010). Sites in the NZPD in-
clude a purakau, a thick (possibly up to 15m) deposit near Gisborne
that may be fluvial-related, and a shelly sand layer near Tolaga Bay
deposited post-Maori settlement; no records have good age control
(NZPD, 2018).

During excavations across the marine terrace sequence at Puatai
Beach, Litchfield et al. (2016) described 6 sand units within the collu-
vial silt coverbed sequences of the terraces. Of these 6 units, they
identified two units with characteristics of a marine source and dis-
tribution most consistent with tsunami deposition (Fig. 3B). The older
sand unit (SO) reached 9.3 = 0.5m elevation (elevation adjusted for
post-depositional uplift of the site) and a shell within the sand was
dated at 1065-805 years BP. The younger sand unit (S1) reached up to
9.0 = 0.5m elevation and assuming it correlates with the S3 sand on
the lowest terrace, the combined age of two shells within the sand
is < 260 years BP. Both the Puatai Beach paleotsunami deposits have a
low certainty due to the lack of detailed exploration of the depositional



K. Clark, et al. Marine Geology 412 (2019) 139-172

I Type of Earthquake Evidence
N

@ Qo
LY Q2 SO
S > TN oy
& 2 § SO
W S T SS e S g5 &, &
L5 TS & SIS & S QO £4q @ Q
SE é’,té‘\f/uc” & O e & § é"q‘,“fgs{" &2 q?q%ﬁg Y-Vill Number of sites
*Qq, $2 > S SN E & FESE with records

KO 0 10 20
T

7000 ]

6000

5000
0.005

4000 | | 0.004

3000 Qb 0.003 E

2000 . ¥ | |

0.002

1000 0.001

N, - agoon subsidence

R s sidence & tsunami
| Tsunami
o

Annual Probability

Earthquake Age (BP)

-

LR |

2
- -
.=
n
-
"
A
"%
%
-
= smas "= = B
£l - - o
= -
F
- -

- = ‘
| plifted geomorphology

o

o 100 200 300 400 500 600 o 8

2 4 6
Distance (km) Number of earthquakes with

BEmost likely primary fault source overlapping age ranges (95%) °
(s}
©
7000 l 1 L] % E
w— £
] =
c & 8
6000 g a ..g
c o B
n £ a2 8
cC Q 3
5000 " D DO W]
_ P Y 0.005
B |
P
=J
% 4000 . ' " . .
4 [ " 2
€ £
g . 0.003F
2
[<}
" [] o
2000 ] (] ] i i 4 00023
L] €
' ! ] " L =
1000 ¥ i L} ] " . I 0.001
| = i .
(] "
. | u H o
0 100 200 300 400 500 600 0 2 4 6 8
Distance (km) Numlber pf earthquakes “gt5h°/
Earthquake certainty ranking overlapping age ranges (95%)
Southern
transitional (ST) __ Southern (S) Central (C) Northern (N)
10[f W]
[ |

6000

5000
0.005

4000
0.004

3000 0.003 E

Earthquake Age (BP)

2000 0.002

1000 0.001

R 2 Voderate certainty
| 3 High certainty
o

Annual Probability

R ;Lo cerainty

0 2 4 6 8

pistance (m) overiapping age tanges (65%)
. b

1 Moderate confidence correlation

Earthquake Correlation Interpretation  Low confidence correlation

(caption on next page)



K. Clark, et al.

Marine Geology 412 (2019) 139-172

Fig. 11. Earthquake age correlation along the Hikurangi margin. The plots on the left show the earthquake ages plotted by distance along the margin (see projection
line in Fig. 1) and earthquake ages are shaded by probability density in 5year bins. The histograms show, for each 5year bin through time, the number of
earthquakes with 95% age ranges that overlap with that bin. On the right are shown the legends for each plot. (A) Earthquake ages are shaded by the type of
evidence, the light grey shaded zone shows where no geological record exists. Plot A/1 shows the number of sites that record earthquake or tsunami evidence through
time. (B) Earthquake ages are shaded by their most likely primary fault source. (C) Earthquake ages are shaded by their certainty (see text in Section 7 and Table 2),
and subduction earthquake correlations are marked by the solid and dashed rectangles. Numbers 1-10 represent earthquakes Corr_Eq1-Eq10.

mechanism and poor age control.

8. Paleoearthquake correlations along the Hikurangi subduction
margin

The primary basis for identifying a past subduction earthquake is
the synchronous occurrence of coseismic coastal deformation and tsu-
namis at multiple sites (e.g. Garrett et al., 2016; Shennan et al., 2016;
Witter et al.,, 2012; Philibosian et al., 2017). When using pa-
leoearthquake and paleotsunami ages derived primarily from radio-
carbon dates, the establishment of synchroneity across non-contiguous
sites is impossible as there are always uncertainty ranges on radio-
carbon dates. With this caveat in mind, to identify possible subduction
earthquakes we use the number of earthquakes that occur through time,
combined with the type of earthquake evidence, likely primary fault
source and the earthquake certainty ranking (Fig. 11, Table 3). For each
temporal cluster of earthquakes we consider possible fault sources aside
from the subduction interface that could explain the pattern of coastal
deformation and tsunami recorded (Fig. 6) and we also discuss how
uncertainty in the marine reservoir correction for the Hikurangi margin
affects paleoearthquake correlations.

We identify 10 past possible subduction earthquakes, named
Corr_Eq10 (oldest) to Corr_Eql (youngest, Fig. 11C). In general the
older earthquakes have broader age ranges and more limited spatial
extent of evidence. Across the margin, earthquake age ranges narrow
and the spatial coverage increases toward the present day; this is simply
due to preservation potential rather than actual variation in earthquake
rate through time (plot A/1, Fig. 11).

Corr_Eq10 and Corr_Eq9 are very similar in both having the bulk of
evidence located within Hawke Bay; the subsided lagoons of this region
provide the best preservation of older stratigraphy compared to other
sites along the margin. Corr Eql0 is represented by subsidence at
Ahuriri, Pakuratahi and Te Paeroa/Opoho, with both Pakuratahi and Te
Paeroa/Opoho recording tsunamis in association with the subsidence.
Earthquake evidence at each of these three sites is consistent with
subduction earthquake deformation: sudden subsidence recorded in
multiple cores, tsunami inundation and no known upper plate faults
that could cause the same deformation signature. Rupture of the
Lachlan fault, outboard of Mahia Peninsula, could cause a small amount
of subsidence at Te Paeroa and Opoho (Cochran et al., 2006) but the
Lachlan fault is too far outboard and does not extend far enough
southwest to cause subsidence at Pakuratahi and Ahuriri (Fraser et al.,
2013). For Corr_Eq10, the 20 age range of subsidence at Te Paeroa/
Opoho overlaps entirely with the age range of subsidence at Ahuriri,
but it does not overlap at all with the 20 age range of subsidence at
Pakuratahi Valley (Fig. 11). The mismatch of the age of Pakuratahi
subsidence compared to Te Paeroa/Opoho is minor (they overlap at the
100% uncertainty range, but Fig. 11 and Table 2 show the 95% un-
certainty ranges) and is likely due to poor age control at one of the sites,
probably Pakuratahi Valley. We cannot rule out a scenario in which
subsidence at Pakuratahi Valley occurred decades to centuries after
subsidence at Te Paeroa/Opoho and Ahuriri, but synchronous sub-
sidence of all three sites is a more credible scenario.

Corr_Eq9 is represented by uplift at Ahuriri lagoon, subsidence at
Pakuratahi and Te Paeroa/Opoho and a tentative correlation with
subsidence at Poverty Bay (Fig. 11). The contrast of uplift at Ahuriri
compared to subsidence at Pakuratahi and Te Paeroa/Opoho is a puz-
zling aspect of this correlated earthquake; it suggests rupture of a local
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upper plate fault (perhaps the same one which ruptured in the 1931
Hawke's Bay earthquake) close in time or synchronous with subduction
interface rupture.

Five sites from Hawke Bay to Poverty Bay record evidence for
Corr_Eq8, although most of the sites have moderate to low earthquake
certainty rankings and broad age ranges (Fig. 11). We are moderately
confident with the correlation between uplift at Waimarama and sub-
sidence at Ahuriri and Pakuratahi. These sites are all within a margin-
parallel distance of 40 km and margin-normal distance of 30 km. Sub-
duction interface rupture, perhaps with synchronous rupture of the
Kidnappers/Kairakau fault could cause the observed uplift-subsidence
deformation pattern. The correlation to uplift at Mahia Peninsula and
Poverty Bay is less confident because of the broad age uncertainties.

Corr_Eq7 is the least robust earthquake correlation with low cer-
tainty evidence of coastal deformation at 5 sites spread from the
southern region to the northern region and broad age ranges for
earthquakes at each site. While subsidence of Ahuriri Lagoon and uplift
of Whareama River is likely to be evidence of a subduction earthquake,
uplift at Palliser, Pakarae and Tolaga Bay may have been driven by
offshore, reverse upper plate faults. Nevertheless, the temporal overlap
of deformation at these five sites means that a large subduction earth-
quake causing deformation at all sites is a possibility, albeit slim in this
case.

Only two sites in the central region record evidence of Corr_Eq6:
Pakuratahi Valley and Mahia Peninsula, but this is included as a po-
tential subduction earthquake because both sites have narrow age
ranges and moderate to high earthquake certainty rankings (Fig. 11). A
subduction interface rupture is the most likely scenario for causing
synchronous deformation at both sites. Dislocation modelling suggests
the Lachlan fault, offshore of Mahia Peninsula, could not cause sub-
sidence at Pakuratahi but the subduction interface could (Fraser et al.,
2013).

Evidence for Corr_Eq5 occurs at 5 sites, with uplift of marine ter-
races from Palliser to Cape Kidnappers and a tsunami at Mataora-
Wairau lagoon (Table 3). The tsunami has a very broad age range so
this is a highly tentative correlation. No sites related to Corr_Eq5 show
subsidence signatures classically associated with subduction earth-
quakes, and it is equivocal whether Corr Eq5 is a series of closely-
spaced-in-time upper plate fault earthquakes or a subduction earth-
quake.

There is a strong likelihood Corr Eq4 represents a subduction
earthquake on the central region of the Hikurangi margin, with less
confident correlation to uplift of marine terraces of the northern region.
Good agreement between the timing of subsidence at Ahuriri and
Pakuratahi Valley is compatible with a subduction earthquake. Uplift of
Mahia Peninsula within the same time period may indicate a subduc-
tion rupture caused deformation in northern Hawke Bay but un-
fortunately by this time the paleoenvironments at Te Paeroa/Opoho
were not suitable for recording coastal deformation (Fig. 11). Marine
terrace uplift at Puatai and Waihau Bay could have occurred in the
same earthquake or the uplift may be related to upper plate fault rup-
ture in the same time period.

Corr_Eq3 is represented by uplift of marine terraces at two locations
on the Wairarapa coast and at Mahia Peninsula, along with subsidence
at Ahuriri Lagoon. We have low confidence in the correlation of an
earthquake between all of these sites because all of the marine terrace
sites could be uplifted by upper plate faults, and the subsidence at
Ahuriri lagoon has a weak certainty of earthquake evidence. The peat-
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silt contact representing subsidence of Eq3 at Ahuriri is present in only
three cores at 2 out of the 4 sites studied (Hayward et al., 2016), so
while subsidence of Ahuriri lagoon is most likely caused by subduction
interface ruptures, the evidence for Eq3 is weak. Uplift at Pakarae River
mouth fits within the time range of Corr_Eq3 but it was probably driven
by upper plate fault earthquake.

The strongest evidence for a past subduction earthquake on the
Hikurangi margin is the evidence for Corr_Eq2 in which subsidence
occurs at Mataora-Wairau Lagoon, Ahuriri Lagoon and Pakuratahi
Valley, and uplift occurs at Honeycomb Rock on the Wairarapa coast
(Fig. 11). Paleotsunami deposits are found in association with the
subsidence evidence at Mataora-Wairau Lagoon and Pakuratahi Valley,
and we also include a less confident correlation to a paleotsunami de-
posit at Puatai Beach (a less confident correlation because it is dated by
only one shell with an age range of 260 years). Subsidence at Mataora-
Wairau Lagoon, Ahuriri Lagoon and Pakuratahi Valley is most simply
explained by subduction interface rupture. Uplift of the Honeycomb
Rock area on the Wairarapa fault could be caused by a subduction
earthquake or by the Palliser-Kaiwhata fault. The temporal correlation
with subsidence at sites north and south of Honeycomb Rock is quite
convincing evidence that the Honeycomb Rock area uplift, in this case,
was caused by a subduction earthquake.

Corr_Eql is represented by subsidence at Mataora-Wairau Lagoon
and uplift of the Honeycomb Rock area on the Wairarapa coast. Both
earthquakes have a high certainty ranking and Clark et al. (2015) have
shown that a subduction earthquake was the most likely cause of sub-
sidence at Mataora-Wairau Lagoon. There is a very narrow age gap of
10years between the age range of Corr Eql (520-470 years BP) and
Eql at Ahuriri Lagoon (460-185 years BP). At the full 100% age un-
certainty range, these three earthquake ages would have a degree of
overlap, suggesting that Corr_Eql could extend up to the central region
of the Hikurangi margin.

At face value the 10 past possible subduction earthquakes identified
offer the potential to assess recurrence intervals along the margin.
However, we consider the majority of earthquake ages from individual
sites are too poorly constrained to produce reliable subduction zone
earthquake ages using the along-strike correlations, and furthermore,
there is a high degree of variability in record length along the margin so
any recurrence interval (RI) calculation would only apply to a point
along the margin rather than the whole margin or a segment. The
southern Hawke Bay region, central Hikurangi margin, is the only lo-
cation where a sufficient number of subduction earthquakes have been
resolved to produce recurrence statistics. Using earthquake ages from
Ahuriri Lagoon, Hayward et al. (2016) calculated a RI of 900 years. At
the same location using our moderate certainty subduction earthquake
correlations, the RI increases to 1450 years and using moderate plus
low certainty correlations reduces the RI to 800 years (uncertainty
ranges on the RI are not calculated as we do not have robustly con-
strained uncertainty ranges on the correlated earthquake ages). For the
southern region of the Hikurangi margin, the record of past subduction
earthquakes is much shorter and using only the last two moderate-
confidence subduction earthquakes yields a RI of ~435 years with an
open interval since the last earthquake of 520-470 years (Table 3). The
longer, but less well-constrained, record of 5 subduction earthquakes on
the southern margin in the past 4000 years yields a RI of ~800 years.
Using the midpoint of the correlated earthquake age ranges, the inter-
vals between earthquakes range from 350 years (between Corr_Eql and
Corr_Eq2) to 1725 years (between Corr_Eq10 and Corr_Eq9) suggesting
high variability of intervals between large earthquakes. In general, the
intervals between earthquakes increases further back in time, sug-
gesting older events may be missing. For the past 1800 years when most
of the margin has a reasonable number of sites recording earthquakes
and tsunamis (Fig. 11, plot A/1) the RI of a large earthquake some-
where along the margin is 450 years. The wide variability in RI de-
monstrates the difficulty in calculating RI based on the current dataset
of subduction earthquakes. Determining reliable recurrence statistics
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for subduction earthquakes and how they vary along the margin will
require improving earthquake ages for existing earthquakes and gen-
erating longer earthquake records in regions where records are sparse
beyond the last 2000 years.

8.1. The effect of variation in marine reservoir correction on
paleoearthquake correlations

Poor constraint of the marine reservoir correction along the
Hikurangi margin means where paleoearthquake and paleotsunami
ages are calculated using shell radiocarbon ages, there is an increased
amount of age uncertainty and this can impact age correlations between
sites. We have accommodated uncertainty in AR by using relatively
wide ranges on the ARy values, and for all paleoearthquake and pa-
leotsunami ages we calculate the age if AR was uniform along the
margin (ARyy) rather than regionally variable (ARg, Tables 1, 3). The
earthquake correlations discussed above are based on ARg but here we
consider if the temporal correlations hold true if ARyy is used.

There is no significant change in the degree of overlap between
individual paleoearthquake ages for Corr Eq9, Corr_Eq8, Corr Eq7,
Corr_Eq5 and Corr Eq4 when ARyy is used rather than ARg. This is
largely because the paleoearthquake ages are relatively broad so dec-
adal-scale shifts in the upper and lower limits of the 95% ranges alter
the degree of temporal overlap very little. The use of ARyy for the
paleoearthquake ages of Corr Eq10 means the age of subsidence at
Pakuratahi Valley is slightly older, therefore there is temporal overlap
between deformation at Pakuratahi Valley, Ahuriri Lagoon and Te
Paeroa/Opoho. When using ARyy for Corr_Eg6, there is no overlap at
the 95% uncertainty range between uplift at Mahia Peninsula and
subsidence at Pakuratahi Valley, therefore this earthquake correlation
becomes less certain. For Corr Eq3 the use of ARyy increases the
amount of overlap between uplift at Flat Point and the other three
paleoearthquake ages, so the temporal correlation is strengthened. The
use ARyy for Corr_Eq2 does not significantly alter the paleoearthquake
correlations but we do note the agreement between the age probability
distributions for subsidence at Mataora-Wairau Lagoon and uplift at
Honeycomb Rock improves, therefore strengthening the temporal cor-
relation. However, the age range of the Puatai Beach paleotsunami
broadens from 260 years to 350 years, weakening the temporal corre-
lation to Corr_Eq2. For Corr_Eql, agreement between the age prob-
ability distribution for coseismic deformation at Mataora-Wairau
Lagoon and Honeycomb Rock does not change significantly, but the age
range of subsidence at Ahuriri Lagoon has overlap with Corr_Eql when
ARyy is used. In summary, changing the AR value in marine radio-
carbon age calibrations does not significantly change earthquake ages,
but in some cases where age constraints are narrow due to good age
control, the change from a locally-appropriate value (ARRr) to a re-
gionally-averaged value (ARyy) can affect the degree of overlap be-
tween earthquake age probability distributions. Until further research is
undertaken on marine reservoir corrections along the Hikurangi
margin, we maintain the use of ARy is most appropriate.

9. Discussion

9.1. Rupture zones of past subduction earthquakes on the Hikurangi
subduction margin

The spatial extent of geologic evidence of past subduction earth-
quakes can be used to estimate the rupture lengths of past subduction
earthquakes (e.g. Cascadia, Nelson et al., 2006; Priest et al., 2017;
Nankai-Suruga Trough, Garrett et al., 2016; south central Chile,
Moernaut et al., 2014). Rupture lengths are commonly used as a proxy
for earthquake magnitude and can be used to characterise the earth-
quake behaviour and hazard of subduction zones, such as whether
“supercycles” or earthquake clustering occurs (Moernaut et al., 2018;
Philibosian et al., 2017; Goldfinger et al., 2013). In cases where well-
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Fig. 12. Indicative subduction interface rupture patches for earthquakes Corr_Eq1-Eq10. Where upper plate reverse faults have been mapped offshore of locations
with coseismic coastal deformation we have shown these faults in a dark blue dashed line. The rupture patches are highly speculative and assume: (i) all deformation
occurred synchronously; (ii) the earthquake was on the subduction interface; (iii) the updip limit of rupture is near the trench; (iv) the downdip limit of rupture was
inboard of locations of coseismic uplift and outboard of locations that underwent coseismic subsidence. The ends of each rupture patch are poorly constrained due to
data limitations in space and time. Grey-shaded parts of the coastline indicate areas where no sites were recording coastal deformation or paleotsunami records
during the time period of the correlated earthquake. The correlated earthquake in question may have extended to the regions of grey shading but the evidence has not
been documented due to lack of preservation or lack of study/dating. In general, further back in time, there are fewer sites with earthquake or paleotsunami records.

distributed measurements of vertical deformation are available, the
dimensions of the rupture patch (i.e. the length plus the up/downdip
extent of slip) may be estimated, usually in tandem with forward elastic
dislocation modelling (e.g. Cisternas et al., 2017; Shennan et al., 2016;
Philibosian et al., 2017).

A compilation of the location of earthquake evidence for Corr_Eq10
(oldest) to Corr_Eql (youngest) and estimated minimum subduction
interface rupture patches is shown in Fig. 12. The estimated rupture
patches are contingent on two assumptions: (1) evidence that correlates
within a certain time period relates to the same earthquake; and (2) that
vertical deformation is due to rupture of the subduction interface (i.e.
no upper plate fault rupture). Previous sections have covered issues
involved with the temporal correlation of paleoseismic evidence and in
this section we proceed on the assumption that all deformation asso-
ciated with a correlated earthquake occurred synchronously. Assump-
tions on fault source are explored in greater detail in Section 9.2, where
we also consider the possibility of synchronous interface and upper
plate fault ruptures (Fig. 6). Data coverage is not dense enough to es-
timate the updip and downdip limits of rupture with any certainty so
these are indicative only. In Fig. 12, we place the updip limit of rupture
near the trench. The downdip rupture extent is placed downdip of uplift
sites and updip of subsidence sites. We obtain only minimum estimates
of rupture length due to spatial and temporal data limitations, and the
likely lack of preservation of small vertical deformation (i.e. tens of
centimetres) at the edges of rupture zones. The primary observations
that come from the compilation of rupture lengths in Fig. 12 are that: (i)
there are no characteristic rupture patches, suggesting segmentation of
the margin is not strong, and (ii) whole margin ruptures may have
occurred in the past, but are the exception rather than the norm.

Possible rupture segment boundaries are a sought after parameter
for seismic hazard assessment of subduction zones due to the propor-
tional relationship between earthquake magnitude and area of fault
slip. Our review of subduction earthquake evidence shows no persistent
rupture boundaries, with most past subduction ruptures having variable
along-margin extents (Figs. 11, 11). The appearance of a persistent
rupture patch on the central Hikurangi margin is given in Fig. 12 be-
cause Corr_Eg4, 6 and 8-10 rupture a similar extent of the margin but
this is an artefact of limited of data coverage. Records of coastal de-
formation > 2000 years BP become notably sparser on the southern and
northern regions of the margin so it appears only the central margin
ruptures. Globally, rupture segments are proposed to be controlled by a
variety of factors, such as upper plate structure (Song and Simons,
2003; Collot et al., 2004; Melnick et al., 2009), bathymetric anomalies
on the subducting plate (Taylor et al., 1987; Chlieh et al., 2008) and
megathrust fluids and sediment thickness (reviewed in Bilek and Lay,
2018). On the Hikurangi margin, many physical properties of the
margin vary along strike (Barker et al., 2009; Wallace et al., 2009) but
no significant structural boundaries have been identified and rupture
segments have only tentatively been identified based on interseismic
coupling, paleoseismology and geophysical properties of the subducting
plate (Stirling et al., 2012). For the purposes of seismic hazard assess-
ment, Stirling et al. (2012) divided the margin into southern, central
and northern segments, and single segment ruptures were expected to
be M, 8.1-8.3, while whole margin ruptures could be M,, 9.0 (Stirling
et al., 2012).

Our review finds there is no persistent rupture boundary between
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the southern and central regions of the margin, with Corr_Eq2, 3, 5, and
7 rupturing across both regions (Fig. 12). Corr_Eql is the only sub-
duction earthquake that appears to be confined to the southern margin,
so further work on refining the age of the last coseismic subsidence of
Ahuriri Lagoon is critical for assessing whether the southern region
ruptures independently of the central region. The presence or absence
of a rupture boundary between the central and northern regions is
difficult to evaluate due to sparse high-certainty evidence of past
earthquakes on the northern region coastline. Five past subduction
earthquakes could have ruptured both segments suggesting there is not
a segment boundary between the two regions. However, almost all
coseismic coastal deformation recorded on the northern margin is likely
to have been caused by upper plate faults (Fig. 11b).

A critical question for the Hikurangi margin is whether the whole
margin can rupture in a single great (> M9.0) earthquake and evidence
from our review suggests this is possible, but probably infrequent. The
strongest evidence for a whole margin rupture is Corr_Eq2
(870-815 years BP), in which the southern and central regions under-
went vertical coastal deformation and the northern region has evidence
of tsunami runup of up to 9.3 * 0.5m. Corr_Eq7 at 3930-3780 years
BP and Corr_Eq3 (1355-1300 years BP) may have ruptured the whole
margin but both correlated earthquakes have considerably less strength
of evidence than Corr_Eq2 (Fig. 11C).

9.2. The role of upper plate faults in subduction earthquakes

On the Hikurangi margin, numerous upper plate faults are located
near the coastline, and historic examples of coastal deformation related
to upper plate fault earthquakes, mean that upper plate fault ruptures
are a realistic proposition for causing coastal deformation and tsunamis
(Figs. 1, 2, 6). At other subduction margins such as Cascadia, Chile and
Sumatra, there are fewer known upper plate faults close to the coastline
that are capable of causing widespread vertical deformation and tsu-
nami. Thus, upper plate faults are rarely considered in compilations of
subduction margin paleoseismicity. An exception to this is on the
eastern part of the Aleutian subduction margin, where an upper plate
reverse fault is considered within the context of uplifted marsh records
of subduction earthquakes (Shennan et al., 2014). The presence of
many upper plate faults at the Hikurangi margin make resolution of a
subduction earthquake paleoseismic record more challenging.

Evaluation of possible upper plate fault involvement in correlated
earthquakes Corr_Eq1-10 shows that if deformation were synchronous
at each site, then the subduction interface is the most likely source for
causing the deformation (and tsunami, if recorded), as opposed to
single or multi-fault rupture of upper plate faults. On Fig. 12, we have
shown the locations of upper plate faults adjacent to sites where
earthquake evidence is most likely related to an upper plate fault. For
all correlated earthquakes, except Corr_Eq5, upper plate faults could
have been responsible for deformation at some sites but the larger fault
source of the underlying subduction interface is required to explain
deformation at all sites, if the evidence all relates to a single earth-
quake. Only Corr_Eq5, comprised of correlated evidence of terrace
uplift and tsunami deposition from 5 locations, may be entirely ex-
plained by upper plate faults, without requiring subduction interface
rupture. Corr_Eq5 could be driven by coastal uplift adjacent to the
Wairarapa fault (and offshore fault extensions), the Palliser-Kaiwhata
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Fig. 13. Comparison between modelled coseismic vertical deformation in a
great subduction earthquake and the geological record of coastal coseismic
vertical deformation. The modelled deformation, adapted from Wallace et al.
(2014) is the predicted vertical deformation for a hypothetical rupture of the
entire Hikurangi margin including the interseismically coupled area and off-
shore slow slip event source areas in the northern and central margin. 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., 2012b), while the slip amounts within the slow slip event source areas of
the central margin are tuned to produce vertical deformation consistent with
that observed in Hawkes Bay paleoseismic studies. The use of 800 years of slip
deficit does not imply an 800-year recurrence for such events, the spatial pat-
tern of vertical deformation, rather than the values of vertical deformation, are
used for comparison with the geological record. Letters A—C represent areas of
notable mismatch between the model and the geological data discussed in the
text. A: south Wellington coast, B: outboard Hawke Bay, C: north of Gisborne.

fault, and the Kidnappers/Kairakau faults (Figs. 7 and 8). It is unlikely
this sequence of 3 non-contiguous faults ruptured in a single multi-fault
earthquake, but individual fault ruptures within a ~300 year time
period is feasible. Subduction interface rupture for Corr_Eq5 cannot
however, be ruled out. Corr_Eq3 and Corr_Eq7 are similar to Corr_Eq5
in lacking strong evidence of a subduction interface source. Deforma-
tion could alternatively be explained by a sequence of upper plate fault
ruptures or a sequence of smaller subduction earthquakes, analogous to
seismic “supercycles” observed on the Mentawai segment of the Sunda
margin where periods of strain accumulation culminate in a series of
ruptures rather than a single end-to-end rupture (Philibosian et al.,
2017). Most offshore upper plate faults along the Hikurangi margin do
not have paleoseismic records, the exception are some faults in Cook
Strait (Pondard and Barnes, 2010). Paleoseismic records of offshore
upper plate faults, independent of coastal deformation records, may
help to resolve some uncertainties about upper plate fault involvement
in correlated earthquakes but such records will be challenging to ob-
tain.

While the compilation of interface rupture patches with the loca-
tions of upper plates results in non-unique solutions for the earthquake
source, we suggest this highlights a realistic scenario for the Hikurangi
margin in which large to great subduction earthquakes trigger syn-
chronous upper plate ruptures (e.g. scenario 3, Fig. 6). Examples of
upper plate fault ruptures with the subduction interface have been seen
in several historic subduction earthquakes. For example, rupture of a
splay fault during the 2010 My, 8.8 Maule earthquake uplifted Isla
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Santa Maria, Chile, by 1.6-2.2m (Melnick et al., 2012) and rupture of
the Patton Bay splay fault uplifted Montague Island by > 6 m during
the 1964 My 9.2 Alaska earthquake (Plafker, 1967). Splay fault rup-
tures have been inferred in other subduction earthquakes (Park et al.,
2002; Collot et al., 2008) and finite element models also suggest splay
faults can rupture with the subduction interface, with the splay faults
receiving particular attention due to their role in enhanced tsunami
generation (Li et al., 2014; Wendt et al., 2009). Large historic earth-
quakes in the Hikurangi margin have all been on upper plate faults, but
these events may have also involved some degree of slip on the sub-
duction interface. For example, the 1855 Wairarapa (Beavan and
Darby, 2005) and 2016 Kaikoura earthquakes (Wallace et al., 2018)
demonstrate the close physical connections between major upper plate
faults and the interface.

9.3. Comparison between contemporary geodetic coupling and past
subduction earthquakes

In several recent large subduction earthquakes, the slip distributions
have a close correspondence to plate coupling 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., 2013). If such a relationship
were consistently true, then future rupture scenarios for the Hikurangi
margin could be guided by the contemporary plate coupling pattern.
However, it is unknown if seismic rupture zones always correspond
with pre-earthquake coupling zones, and furthermore, it is unknown
whether coupling distributions vary throughout the interseismic period.
To definitively answer these questions, geodetic measurements over
multiple earthquake cycles would be needed (Wallace et al., 2014). An
alternative approach, though less rigorous, is to compare the con-
temporary coupling distributions with paleoearthquake records to see if
the short- and long-term deformation datasets have a relationship, and
therefore if the contemporary interseismically coupled areas of the in-
terface may foreshadow future rupture patches.

A comparison between geodetic plate coupling and geological evi-
dence for past earthquakes in the Hikurangi margin was last undertaken
by Wallace et al. (2014) and here we revisit that comparison based on
our revisions of past subduction earthquake rupture patches developed
in Fig. 12. Wallace et al. (2014) produced a model of vertical de-
formation produced by a hypothetical rupture of the whole Hikurangi
margin with the area of rupture covering the currently interseismically
coupled area and the areas of slow slip events offshore of Gisborne and
Hawke Bay (Fig. 13). We base our comparison on this model as the
subsequent years of geodetic measurements have not altered the spatial
distribution of interseismic coupling. The model presented in Fig. 13
assumes slip equivalent to 800 years of accumulated plate motion, but
the amount of deformation is scalable to any lesser or larger amount,
therefore we do not focus on the magnitude of the modelled earth-
quake.

In the southern Hikurangi margin there is general consistency be-
tween areas of past coseismic subsidence and uplift, and vertical de-
formation predicted in the model (Fig. 13). Some mismatch occurs
where the model predicts subsidence of the Wellington region (area A),
where past coseismic uplift is recorded. The mismatch around Well-
ington is most likely because subduction earthquake deformation is
overprinted by uplift on upper plate faults, but the details of vertical
deformation around Wellington in a subduction earthquake are highly
dependent on where the downdip limit of seismic rupture lies.

In the central Hikurangi margin, there is a good match between
geologic records of subsidence (Ahuriri Lagoon, Pakuratahi Valley and
northern Hawke Bay), and modelled vertical deformation in a sub-
duction earthquake (Fig. 13). Of note in this area is that fitting co-
seismic subsidence in inner Hawke Bay (see Fig. 13 caption) requires
seismic rupture of the area of slow slip events on the interface beneath
Hawke Bay, suggesting different modes of plate interface slip behaviour
occur on the central Hikurangi margin on seismic cycle timescales



K. Clark, et al.

(Wallace et al., 2014). Areas of coastal uplift in the outboard regions of
Hawke Bay (Waimarama - Cape Kidnappers in the south, area B, and
Mahia Peninsula in the north) are not matched by the vertical de-
formation model, suggesting that seismic rupture extends deeper be-
neath Hawke Bay than suggested by contemporary interseismic cou-
pling, or that nearshore upper plate faults play a role in the coseismic
coastal uplift.

In the northern Hikurangi margin geodetic-based modelling predicts
subsidence along the coastline where almost all Holocene coseismic
deformation is uplift (area C, Fig. 13). This mismatch is likely due to
upper plate faults driving coastal uplift, rather than earthquakes on the
subduction interface. Only one occurrence of subsidence at
6115-5125 years BP in Poverty Bay on the northern coastline suggests
some similarity between the geodetic models and coastal deformation
records. The strongest evidence for subduction earthquakes on the
northern Hikurangi margin is derived from the submarine turbidite
record which suggests ten M,, > 7.2 subduction interface earthquakes
over the last ~7.5ka (Pouderoux et al., 2014), but assumptions in de-
riving the earthquake record mean it is not conclusive that subduction
earthquakes are the cause of synchronous turbidites (Section 7.4.1).

Ultimately, evidence for subduction earthquakes in the northern
region remains weak, and the misfit between the coastal deformation
records, turbidite paleoseismology and geodetic models of plate cou-
pling could indicate complete overprinting of subsidence due to uplift
by upper plate faults or an absence of large subduction earthquakes
rupturing west of the coastline in the mid-late Holocene. Perhaps the
interface typically ruptures in smaller patches, similar to the 1947
tsunami earthquakes, with no detectable coastal deformation but
anomalously high tsunamis. The subduction interface at the northern
region is generally characterised by weak interseismic coupling and
aseismic creep, although the degree of coupling is not well-constrained
by land-based geodetic data. Stick-slip behaviour can occur at shallow
depths around small asperties created by subducted seamounts (Bell
et al.,, 2010, 2014), thus, it has been suggested that the northern Hi-
kurangi region may be less prone to deeply rupturing subduction
earthquakes compared to the southern margin (Wallace et al., 2009,
2014). Evidence such as the paleotsunami at 1065-805 years BP re-
corded at Puatai Beach that correlates to Corr_Eq2, but not to local
marine terrace uplift, could be critical to understanding the potential of
the northern subduction interface to rupture with the central and
southern Hikurangi margin.

10. Future research directions for Hikurangi subduction margin
paleoseismology

Although significant progress has been made toward understanding
the seismic and tsunami potential of the Hikurangi subduction margin,
many knowledge gaps still remain. Future research directions on the
Hikurangi margin fall into three broad categories of: (1) refining and
densifying the coastal deformation and tsunami records; (2) integration
of multiproxy ground shaking records; and (3) improving underpinning
tectonic, sea-level change and chronological datasets.

10.1. Refining and densifying coastal deformation and tsunami records

The coastal deformation record of the Hikurangi margin is the pri-
mary dataset that sheds light on the location and timing of past sub-
duction earthquakes along the Hikurangi margin but there are sig-
nificant spatial and temporal gaps in the record (Figs. 10A, 11).
Particular spatial gaps in coastal deformation exist in the transitional
region in the south, from Kaikoura up to Kapara-te-hau (Lake Grass-
mere), around the Cape Turnagain area (southern-central boundary),
and north of Tokomaru Bay up to East Cape (northern area). Illumi-
nation of a seismogenic plate interface underlying the transitional re-
gion raises the question of whether the region can host large to great
subduction earthquakes (Wallace et al., 2018). A detailed study of
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marine terrace uplift (timing and extent) and paleotsunami is one of the
few ways in which we can better understand the seismic potential of the
southern Hikurangi margin and constrain how far south into the tran-
sitional region large subduction ruptures reach. A further prominent
spatial gap is around the Cape Turnagain, this area is of particular re-
levance to margin segmentation questions as it spans the sharp change
in interseismic coupling. The final large spatial gap is at the northern
end of the Hikurangi margin. The northern region is undergoing uplift
but whether it is aseismic or coseismic uplift remains unclear at many
sites; furthermore, if uplift is coseismic, the earthquake source is un-
resolved. Advances in high-resolution topography and paleoenviron-
mental studies, along with marine terrace trenching have the potential
to reveal more about the uplift mechanisms of the East Cape to Hicks
Bay coastline. The northern region should be revisited to advance un-
derstanding of the northward extent of plate interface rupture and
possible continuation to the Kermadec subduction zone.

Within the existing spatial array of coastal deformation records are
prominent temporal gaps in the records, that if filled could greatly in-
crease knowledge of along-margin earthquake correlations. One of the
most critical temporal gaps is the < 5000 year record of subsidence and
tsunamis in northern Hawke Bay (Te Paeroa/Opoho, Fig. 11). The
southern Hawke Bay (Ahuriri) record has seven earthquakes < 5000
years BP and searching for correlative earthquakes and/or tsunamis in
northern Hawke Bay would help resolve if the younger earthquakes in
southern Hawke Bay were subduction earthquakes, or localised earth-
quakes. Other temporal gaps in the coastal deformation record relate to
the length of record, with both the southern and northern region having
no moderate or high certainty earthquakes > 2000 years BP (Fig. 11c).
At some locations, the absence of record is due to non-preservation but
at others (e.g. the Wairarapa coast) older marine terraces are known to
exist but have not been dated due to the difficulty in obtaining reliable
radiocarbon dates. Alternative dating techniques, particularly cosmo-
genic nuclides and luminescence should be investigated for marine
terraces where radiocarbon material has degraded. Several particular
events within the current record of coastal deformation and tsunamis
would benefit from targeted study in order to reduce the uncertainties
on along-margin earthquake correlations. For example, in relation to
Corr_Eq1, obtaining higher certainty age constraints on the timing of
subsidence at Ahuriri Lagoon is a high priority. Better age constraints
would allow us to understand whether the last subduction earthquake
on the southern Hikurangi margin also ruptured the central Hikurangi
margin. This has implications for time-dependent hazard of the central
margin and for understanding whether interface ruptures consistently
span the locked to unlocked transition zone.

A wholesale improvement of the paleotsunami record of the
Hikurangi margin would assist greatly with understanding the seismic
and tsunami history of the subduction zone. Paleotsunami datasets from
other subduction margins demonstrate the importance of paleotsunami
records in understanding subduction zone earthquake behaviour (e.g.
Kelsey et al., 2005; Nelson et al., 2015; Rubin et al., 2017). In our re-
view we have noted poorly-constrained evidence of paleotsunami in all
regions of the margin, with the primary issues related to: (1) certainty
of tsunami evidence; and (2) poorly constrained ages. Much of the
reason for the poor paleotsunami record is the lack of targeted pa-
leotsunami research along the margin. Frequently, paleotsunami evi-
dence has been obtained incidentally in the course of paleoseismic
studies (e.g. Berryman et al., 2011; Litchfield et al., 2016), therefore the
radiocarbon dating tended to prioritise dating paleoearthquakes rather
than the inferred tsunami deposits and sites were not optimally sited for
preserving tsunamis. In cases where targeted paleotsunami studies have
been undertaken the certainty of the tsunami deposits is improved,
however, the age constraints remain poor (e.g. Goff et al., 1998, 2004;
Goff and Chagué-Goff, 2015). Although tsunamis can be generated by
upper plate faults and far-field sources (e.g. the subduction margin of
Peru and Chile) as well as subduction earthquakes, the integration of
tsunami modelling, upper plate fault paleoseismic chronologies and
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coastal deformation can greatly help refine likely tsunami sources (e.g.
Clark et al., 2015). Therefore, the abundance of offshore upper plate
faults on the Hikurangi margin need not hinder the development of a
robust subduction zone paleoseismic record.

10.2. Integrated multiproxy ground shaking records

Beyond coastal deformation and tsunami deposits, other proxy re-
cords of ground shaking may provide primary or supporting evidence of
past large subduction earthquakes. A particular advantage that proxy
ground shaking records have is in most cases there is potential to ca-
librate the “paleoseismometer” with modern earthquakes, therefore
some control can be placed on ground shaking thresholds required to
trigger a record. A relatively commonly used proxy for subduction
earthquakes is the submarine turbidite records (e.g. Patton et al., 2015;
Goldfinger et al., 2012), and research using this technique has been
undertaken on the northern Hikurangi margin (Pouderoux et al., 2014)
and is currently in progress along the central and southern margin.
Turbidite triggering by the 2016 Kaikoura earthquake has revealed a lot
about the mobilization and travel distances of turbidites (Mountjoy
et al., 2018), and there is potential that earthquakes such as the 1855
Wairarapa and 1931 Hawke's Bay earthquakes may also be found in the
turbidite records, allowing refinement of triggering mechanisms of
submarine turbidites along the Hikurangi margin.

Lacustrine turbidites have been successfully used as a recorder of
great subduction earthquakes along the south-central Chile margin
(Moernaut et al., 2014, 2018; Van Daele et al., 2019) and preliminary
research shows potential for the technique on the Cascadia and Alaska
margins (Morey et al., 2013; Praet et al., 2017). In New Zealand,
earthquakes on the Alpine fault have been dated to high precision using
lacustrine turbidites (Howarth et al., 2012, 2014, 2016) but similar
research is under-explored along the Hikurangi margin. Aside from
Lake Tutira (Gomez et al., 2015), no lakes along the Hikurangi margin
have been studied for a turbidite record of ground shaking. Alpine fault
studies show that the narrowest age constraints, and therefore most
reliable along-margin correlations, may come from lacustrine turbi-
dites. As with the Lake Tutira example, all lakes along the Hikurangi
margin are likely to record ground shaking from local and regional
upper plate fault earthquakes, so a large dataset of lake records and
knowledge of triggering thresholds is needed in the search for sub-
duction earthquake signals. Aside from turbidites, other ground shaking
proxies include the formation of landslide-dammed lakes and spe-
leothem damage. Cochran et al. (2006) identified a correlation between
coseismic subsidence in northern Hawke Bay and large landslide dam
lake formation at c. 7100 years BP but beyond that, these proxies have
not been explored along the Hikurangi margin.

10.3. Improving underpinning tectonic, sea-level change and chronological
datasets

In the Hikurangi margin, as with any other subduction margin
globally, the analysis of paleoearthquakes and paleotsunamis is not
undertaken in isolation, but relies upon several underpinning datasets
that provide context for the identification of extreme and anomalous
events. Future research on Hikurangi margin paleoseismology needs to
go hand-in-hand with the development and improvement of under-
pinning datasets. We highlight improving the marine reservoir correc-
tion database for the Hikurangi margin as the highest priority step at
this point in time, followed by increasing the resolution of the non-
tectonic Holocene RSL curve for the Hikurangi margin and further de-
velopment of knowledge of upper plate fault characteristics.

In Section 6 we have discussed the previous lack of AR values from
the Hikurangi margin and our contribution of 10 new AR values from
Wairarapa and Hawke Bay makes only a small advance in our under-
standing of marine reservoir effects along the margin. Future research
should involve: (1) densifying the AR database for the Hikurangi
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margin, with the northern Hikurangi margin as a high priority at this
point; (2) understanding how shell habitat (estuarine vs open coast)
affects *C concentrations to help identify the most appropriate species
for dating; and (3) constraining the variability of AR through the mid-
late Holocene because changing climatic conditions impact ocean cir-
culation and precipitation which in turn can alter AR (e.g. Hinojosa
et al., 2015). As we see from Section 8.1, small changes in AR do not
usually significantly alter a paleoearthquake age or event correlations.
However, as the precision of radiocarbon dating has improved in recent
years (currently < =+ 20 years), the ability to use very small fractions
of organic material increases, and statistical event-age modelling
techniques improve, we are able to obtain tighter age ranges for past
earthquake and tsunamis. This means that the relative importance of
the AR uncertainty increases. Future research along the Hikurangi
margin will increasingly need higher levels of certainty on the marine
reservoir values to keep pace with the resolution of our event dating.

The second underpinning dataset that should be improved along the
Hikurangi margin is the record of non-tectonic Holocene RSL change
because it is useful for (i) evaluating the completeness of the coastal
deformation record, (ii) constraining the amount of coastal deformation
that occurred in past earthquakes, and (iii) understanding whether any
periods of rapid SL change could be misidentified as coseismic de-
formation. Advances in understanding non-tectonic RSL change will
likely come from the development of RSL curves for other, less tecto-
nically active, parts of New Zealand (e.g. Clement et al., 2016) and
modelling to extrapolate RSL change to the Hikurangi margin. In par-
ticular, better constraint on the elevations and timing of the mid-Ho-
locene highstand, and the rate of RSL change at the end of the highstand
would be informative for calculating uplift-per-event from marine ter-
races.

The third dataset that needs development along with the subduction
earthquake record of the Hikurangi margin is our understanding of
upper plate fault characteristics, including fault location, geometry, slip
rate and paleoseismology. An example of the importance of upper plate
paleoearthquake chronologies is at Mataora/Wairau Lagoon, where
subsidence at c. 500 years BP could only be assigned to a subduction
earthquake because the timing did not match any paleoearthquakes on
local and regional upper plate faults (Clark et al., 2015). In the future,
when we endeavour to integrate onshore coastal deformation and
submarine turbidite records, understanding the location and rates of
activity of offshore upper plate faults will be critical to filtering out
upper plate fault earthquakes so that large subduction earthquake sig-
natures can be identified. In short, we cannot neglect the study of upper
plate faults due to prioritizing subduction earthquake records, as the
two are connected. Furthermore, temporal relationships between large
upper plate fault earthquakes and subduction earthquakes may reveal
insights into the kinematic processes of how plate boundary motion is
accommodated at partitioned oblique subduction zones.

11. Conclusions

The Hikurangi subduction margin has a rich geological history of
coseismic coastal deformation and tsunamis, but the isolation of evi-
dence specifically relating to past subduction earthquakes remains
challenging. We have reviewed evidence of coseismic coastal de-
formation and tsunamis from 22 locations along the margin and have
produced revised age models of 56 paleoearthquakes. Along-margin
temporal correlation of subsidence, uplift and tsunamis provides in-
sights into possible past subduction earthquakes and their spatial ex-
tent. We find evidence for 10 past subduction earthquakes on the
Hikurangi margin in the past 7000 years. The last subduction earth-
quake (Corr_Eql) occurred at 520-470years BP on the southern
Hikurangi margin, it possibly also ruptured the central Hikurangi
margin. There is strong evidence for a great subduction earthquake at
870-815 years BP (Corr_Eq2) that ruptured the southern, central and
possibly northern Hikurangi margin with a minimum rupture length of
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350 km. Of significance, Corr Eq2 shows full margin rupture of the
Hikurangi subduction interface is a possibility. Several of the past
possible subduction earthquakes, such as Corr_Eq3, 5 and 7, have weak
evidence of subduction interface involvement and they could be ex-
plicable by a sequence of upper plate fault earthquakes or failure of the
interface in a series of smaller earthquakes. Our compilation of past
rupture zones shows no characteristic rupture patches, suggesting seg-
mentation of the margin is not strong, although having few long records
in the southern and northern margin makes this assessment difficult
beyond 2000 years BP. In the southern region of the margin, long term
geological deformation matches that expected for ruptures of the in-
terseismically locked portion of the subduction interface. Subsidence on
the central region can only be matched if the region of the interface that
currently hosts slow slip events also ruptures, demonstrating different
modes of slip behaviour occur on the central Hikurangi margin.
Understanding subduction earthquake behaviour on the northern
Hikurangi margin remains somewhat elusive, as strong deformation
signals from upper plate faults dominate the geological record.

Challenges to the identification of past subduction earthquakes
mainly relate to wide age uncertainties on many paleoearthquakes,
relatively short records at most locations along the margin, ambiguous
and sparse paleotsunami evidence, and the involvement of upper plate
faults in producing coastal deformation alike subduction earthquakes.
Future Hikurangi margin research will be directed toward obtaining
recurrence intervals for large subduction earthquakes at multiple lo-
cations along the margin. The current record is too sparse to enable
robust calculation of recurrence intervals, and while we see no evidence
of earthquake clustering, we cannot yet evaluate the occurrence of
earthquake supercycle or quasi-periodic earthquake behaviour as is
seen on many other plate boundaries with long earthquake records. In
the short-term, improving the paleotsunami record, integration of
submarine turbidite records and better constraints on the local marine
reservoir correction are areas where significant advances may be made.
Longer term improvements on the subduction earthquake record will
come from refining and densifying the coastal deformation record, in-
tegrating multiple ground shaking proxy records and by obtaining a
greater understanding of the kinematic relationship between upper
plate faults and the subduction interface.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.margeo.2019.03.004.
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