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Theoretical studies of the seismic cycle at convergent plate boundaries anticipate
that most coseismic deformation is recovered, yet significant permanent vertical
displacement of the overriding plate is observed at many subduction margins. To
understand the mechanisms driving permanent vertical displacement, we
investigate tectonic uplift across the southern Hikurangi subduction margin,
Aotearoa New Zealand, in the last ~200 ka. Marine terraces preserved along
the Wellington south coast have recently been dated as Marine Isotope Stage
(MIS) 5a (~82 ka), 5¢c (~96 ka), 5e (~123 ka) and 7a (~196 ka) in age. We use these
ages, together with new reconstructions of shoreline angle elevations, to calculate
uplift rates across the margin and to examine the processes responsible for their
elevation. The highest uplift rate—1.7 + 0.1 mm/yr—and maximum tilting—2.9° to
the west—are observed near Cape Palliser, the closest site to (~50 km from) the
Hikurangi Trough. Uplift rates decrease monotonically westward along the Palliser
Bay coast, to 0.2 + 0.1 mm/yr at Wharekauhau (~70 km from the trough), defining
a gently west-tilted subaerial forearc domain. Locally, active oblique-slip upper-
plate faults cause obvious vertical offsets of the marine terraces in the axial ranges
(>70 km from the trough). Uplift rates at Baring Head, on the upthrown side of the
Wairarapa-Wharekauhau fault system, are ~0.7-1.6 mm/yr. At Tongue Point, uplift
on the upthrown side of the Ohériu Fault is 0.6 + 0.1 mm/yr. Dislocation and
flexural-isostatic modelling shows that slip on faults within the overriding
plate—specifically the Palliser-Kaiwhata Fault and the Wairarapa-Wharekauhau
fault system—may dominate uplift in theirimmediate hanging walls. Depending on
their slip rate and geometry, slip on these two upper-plate fault systems could
plausibly cause >80% of late Pleistocene uplift everywhere along the south coast
of North Island. Our modelling suggests that subduction of the buoyant Hikurangi
Plateau contributes uplift of 0.1-0.2 mm/yr and uplift due to sediment
underplating at Tongue Point and Wharekauhau is likely <0.6 mm/yr but could
be significantly lower. Earthquakes on the subduction interface probably
contribute <0.4 mm/yr of late Pleistocene uplift, with <10% of uplift due to
each earthquake being stored permanently, similar to other subduction zones.
These results indicate a significant contribution of slip on upper-plate faults to
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permanent uplift and tilting across the subduction margin and suggest that in
regions where upper-plate faults are prevalent, strong constraints on fault
geometry and slip rate are necessary to disentangle contributions of deeper-
seated processes to uplift.

KEYWORDS

subduction, active crustal fault, marine terrace, coastal uplift, Hikurangi margin,
Wellington, Aotearoa New Zealand

1 Introduction

Marine terraces preserved along coastal regions can be used
to infer rates and patterns of tectonic uplift across active margins.
By combining shore platform (specifically shoreline angle)
elevation data with the age of the corresponding terrace, uplift
rates can be quantified (e.g., Bradley and Griggs, 1976; Ota et al.,
1981; Mubhs et al., 1990; Muhs et al., 1992; Zazo et al., 2003;
Yildirim et al., 2013; Karymbalis et al., 2022). Accruing over tens
to hundreds of thousands of years, patterns of uplift of the
overriding plate have the potential to provide insight into
local subduction margin processes (e.g., Merritts and Bull,
1989; Berryman, 1993a; 1993b; Wilson et al., 2007a; Wilson
et al., 2007b; Matsu’ura, 2015; Meschis et al., 2022).

Beneath the east coast of the northern and central North
Island of New Zealand, the Hikurangi subduction interface is
weakly to moderately elastically coupled (e.g., Walcott, 1984;
Reyners, 1998; Wallace et al., 2004; Wallace et al., 2012)
(Figure 1). Previous marine terrace studies in this region have
attributed the observed coastal uplift to some combination of
rupture on upper-plate faults, subduction of an overthickened
and buoyant Hikurangi Plateau with occasional seamounts, and
sediment underplating (e.g., Berryman et al., 1989; Ota et al,
1991; Wilson et al., 2007a; Wilson et al., 2007b; Litchfield et al.,
2007; Berryman et al., 2011; Mouslopoulou et al., 2016; Litchfield
etal., 2022). In contrast to the northern and central North Island,
the subduction interface beneath the southern North Island has
been shown to be elastically almost fully coupled or “locked”
(¢ic = 0.8-1.0—e.g., Walcott, 1984; Reyners, 1998; Darby and
Beavan, 2001; Wallace et al., 2004; Wallace et al. 2007; Wallace
etal. 2012) (Figure 1). Investigations along the southeast coast of
the North Island concluded that elevated Holocene marine
terraces preserved there are the result of coseismic uplift from
rupture on nearby offshore faults, such as the reverse Palliser-
Kaiwhata Fault (Berryman et al,, 2011; Litchfield and Clark,
2015) (Figure 2). Rupture of the subduction interface at the
southern Hikurangi Margin, which dislocation models suggest
could be M,, 8.0-8.5 or larger (Wallace et al., 2009; Stirling et al.,
2012; Clark et al., 2019), has also contributed to uplift since the
Holocene, with recent analyses of marine terraces indicating
uplift from at least one subduction earthquake within the
locked area (Litchfield et al.,, 2021). Whether or not other
processes influence permanent vertical displacement across the
southern Hikurangi Margin over longer periods, and their
relative contributions, remains largely unknown.

This investigation is the first to present late Pleistocene coastal
uplift rates along the Wellington south coast of the North Island of
New Zealand using emergent shoreline angle elevations (rather
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than terrace tread elevations, which include the thickness of
coverbed deposits) in a margin-wide and systematic way, and to
evaluate the causes of vertical displacement along this
southernmost part of the Hikurangi subduction margin. Our
study area spans ~100 km of coastline between Tongue Point
west of Wellington, and Ngawi near Cape Palliser to the east
(Figure 2), where a series of late Pleistocene marine terrace
remnants are today elevated to up to ~400 m above current day
sea level (e.g., Ghani, 1974; Ghani, 1978; Ota et al., 1981; Begg and
Johnston, 2000; Ninis et al., 2022). Seven marine terraces have
previously been identified and recently dated; the youngest four of
which have been shown to correspond to formation during Marine
Isotope Stage (MIS) 5a (peak age 82 ka), 5¢ (96 ka), 5e (123 ka) and
MIS 7a (196 ka) (Ninis et al., 2022) (Figure 2). In this paper, we
apply recently published shore platform elevation data (Ninis et al.,
2022) to reconstruct shoreline angle elevations for these terraces.
Using available paleo-sea level data, we then correct these
elevations for sea level at the time of their formation. We are
thus able to provide robust uplift estimates for a margin-normal
transect across the southern Hikurangi Margin since the late
Pleistocene. Finally, we consider the distribution of uplift across
this transect and compare this with results of coupled elastic
dislocation and flexural-isostatic models. These models allow us
to quantify the likely contribution to late Pleistocene uplift from
slip on known upper-plate fault systems, and to constrain likely
contributions to uplift from other processes such as the subduction
of a buoyant Hikurangi Plateau, the earthquake cycle on the

Hikurangu subduction interface, and sediment underplating.

2 Background

2.1 Tectonic uplift processes at subduction
margins

Vertical displacement due to megathrust earthquakes such as the
2011 M, 9.1 Tohoku-Oki earthquake, the 2004 M,, 9.3 Sumatra-
Andaman earthquake, the 1964 M,, 9.4 in Alaska, and the 1960 M,,
9.5 Chile earthquake, generally results in coseismic uplift of the coast
closest to the subduction trench (within ~150 km), and a similarly-
oriented region of subsidence further from the trench (between
~150 and 250 km) (Figure 3A) (e.g., Grantz et al., 1964; Plafker,
1965; Platker, 1972; Briggs et al., 2006; Subarya et al., 2006; Vigny
et al,, 2011), the precise distances being controlled by the geometry
of the underlying subduction interface and the distribution of
coseismic fault slip. Earthquake ruptures of upper-plate faults can
also result in coastal uplift; as a result of the M,, 7.8 Hawke’s Bay
earthquake of 1931, the coast near Napier was uplifted by up to
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FIGURE 1

Tectonic setting of New Zealand showing plate boundary components and motion rates (DeMets et al., 1990; DeMets et al,, 1994; DeMets et al.,
2010), and Hikurangi subduction interface coupling of the North Island - regions in blue are weakly coupled (undergoing aseismic slow slip), regions in red
are fully elastically coupled (locked) (from Wallace et al., 2012). Also shown are active crustal faults (red lines) (onshore faults from the New Zealand
Community Fault Model (NZ CFM) - Seebeck et al., 2022; offshore active faults from Barnes and Audru, 1999; Barnes et al., 2002; Nodder et al.,, 2007;
Mountjoy et al., 2009; Barnes et al,, 2010; Pondard and Barnes, 2010; Mountjoy and Barnes, 2011; Barnes et al,, 2019; Litchfield et al., 2022).

~2.7m to a distance of ~20 km from a mostly blind source fault
(Hull, 1990) (Figure 3C). The above coseismic displacements are
indicative of global observations which propose that the wavelength
of deformation can be used to infer whether uplift is the result of slip
on the subduction interface or rupture of upper-plate faults;
typically, broad-wavelength (100s of km wide) zones of uplift
result from megathrust earthquakes, whereas short wavelength
(up to ~20km) are more likely sourced by a more steeply-
More complex earthquakes at
convergent margins may involve rupture on both an upper-plate

dipping upper-plate fault.

fault as well as along the subduction interface. A currently
documented example is the 1855 M,, 8.2 Wairarapa earthquake,
which resulted in uplift of the Wellington coast to the west of the
Wairarapa Fault (e.g., Turakirae Head, Wellington Harbour and
Porirua Harbour) across a distance of >30 km (Darby and Beanland,
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1992; Beavan and Darby, 2005; Begg and McSaveney, 2005; Downes,
2005; McSaveney et al., 2006). Another example of simultaneous
rupture of upper-plate faults and the subduction interface is the
2016 M,,7.8 Kaikoura earthquake (e.g., Hamling et al., 2017; Furlong
and Herman, 2017; Wang et al.,, 2018; Mouslopoulou et al., 2019).

Vertical displacement can also be the result of ongoing
aseismic movement. Following a megathrust earthquake, post-
seismic relaxation followed by longer-term interseismic elastic
strain accumulation generally results in vertical motion in the
opposite sense to the coseismic displacement. For example, after
the 1950 M,, 7.7 Nicoya Peninsula, Costa Rica earthquake, post-
seismic relaxation removed the uplift which accompanied the
earthquake; locals reported the shoreline dropping in elevation at
the time of the earthquake, only to return to its former elevation
40 years later (Marshall and Anderson, 1995). Slow slip events
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FIGURE 2

Late Pleistocene marine terrace MIS ages and distribution along the Wellington south coast, including OSL sample collection sites (black open
circles) and corresponding ages (asterisks denotes minimum age)—only ages relevant to dating the shore platform are shown; MIS and OSL ages from
Ninis et al. (2022). Also shown are active crustal faults (red lines) (onshore faults from the New Zealand Community Fault Model (NZ CFM) - Seebeck et al.,
2022; offshore faults from Barnes et al., 2008) (BHF, Baring Head Fault; ERF, East River Fault). Location of profiles for Figure 7, Figure 8 and Profile X of

Figure 6, Figure 9 are shown. Figure modified from Ninis et al., 2022.

(SSEs) can also contribute to vertical displacement, with uplift
and subsidence expressed in a similar sense to subduction zone
earthquakes. For example, offshore of the southwestern North
Island, New Zealand, SSEs have resulted in uplift of up to ~2 cm
onland (Wallace, 2020). Similarly, the SSE offshore of the
triggered by the 2016 M,
7.8 Kaikoura earthquake produced coastal uplift at the

northeastern South Island

southern end of North Island of up to ~2 cm (Wallace et al,
2018).

When vertical coseismic displacement is not completely
removed by post-seismic relaxation and interseismic strain
accumulation, megathrust earthquakes can leave a permanent
signal of uplift in the landscape. In these instances, over many
seismic cycles (1,000s of years) evidence of coseismic uplift as a
result of multiple earthquakes can be preserved as a stepped pattern
in the coastal topography. For example, each of the Holocene marine
terraces preserved at Cape Mendocino, California, are thought to be
a result of separate ruptures on the Cascadia megathrust (e.g.,
Merritts and Bull, 1989; Carver et al., 1994; Merritts, 1996;
Murray et al., 1996), as are some of the emergent terraces along
the coast of south-central Chile (e.g., Nelson and Manley, 1992;
Bookhagen et al., 2006). Multiple ruptures on upper-plate faults
could also be expressed as a stepped pattern in the coastal
topography. For example, at Kaikoura Peninsula, on the east
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coast of the South Island, New Zealand, a suite of uplifted and
tilted Pleistocene to Holocene-aged marine terraces have been
inferred to be the result of repeated rupture on nearby faults
(Ota et al.,, 1996; Gardner, 2011; Dufty, 2020; Howell and Clark,
2022; Nicol et al,, 2022). This coastline was again uplifted by up to
6.5m during the 2016 M,, 7.8 Kaikoura multi-fault rupture
earthquake (Clark et al., 2017; Hamling et al., 2017).

Over 100,000s of years, characteristics of the subducting plate
such as variations in crustal thickness, density and topography, or
deep-seated processes such as sediment underplating, can also drive
long-term uplift of the upper-plate (e.g., Merritts and Bull, 1989;
Saillard et al., 2011) (Figure 3B). In summary, long-term net vertical
displacement can be the result of a number of both seismic and
aseismic processes combined; the challenge is to disentangle the
different causes as expressed in the topography.

2.2 Tectonic setting

New Zealand straddles the Pacific-Australian plate boundary
(Figure 1). Offshore of the northeast of the North Island, and to its
southernmost extent at the northernmost South Island, the oceanic
Pacific Plate subducts westward beneath the continental crust of the
Australian Plate at the Hikurangi Trough; a process which began

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1028445

Ninis et al.

10.3389/feart.2023.1028445

A INTERSEISMIC

COSEISMIC, SINGLE EVENT

LONG-TERM/ CUMULATIVE

subduction interface rupture

Subduction
interface
Pacific Plate (locked patch)

= =

@Elevation e Initial elevation

Net Lip|lﬂ\

)

Time

Time

subduction interface rupture, thickened/buoyant slab

@Elevation

Initial elevation

Time

Time

upper-plate fault rupture

Permanent
thickening
of crust

Upper plate
reverse faults
Pacific Plate

@Elevation
Initial elevation I

[———'_lNet uplift

Timg ——8 Time

FIGURE 3

Time

Possible causes of long-term vertical deformation at the Hikurangi Margin, and their likely expression: (A) subduction interface rupture; (B)
subduction interface rupture involving a thickened buoyant Hikurangi Plateau (dashed line depicts vertical deformation without the down-going buoyant
slab); (C) upper-plate fault rupture. Figure modified after Howell and Clark (2022).

~23 Ma ago (e.g, Kamp, 1999). During the past ~1-2Ma, the
subducting Pacific Plate has consisted of the Hikurangi Plateau, a
thick and buoyant igneous province (e.g., Davy and Wood, 1994;
Nicol et al., 2002; Reyners et al, 2006; Wallace et al., 2009).
Convergence rates vary along the plate boundary (DeMets et al.,
1990; Plafker, 1994; Wallace et al., 2007; Plafker, 2010) (Figure 1)
and a subtle change in plate convergence direction and orientation
of the plate boundary results in greater obliquity in plate
convergence towards the south, such that in the South Island of
New Zealand the two plates collide through oblique continental
transpression (e.g., Van Dissen and Yeats, 1991).

The Hikurangi Trough is located ~50 km offshore of the east
coast of the southern North Island (Figure 1). Onshore, long term
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contractional upper-plate deformation is expressed by folding and
reverse faulting, with associated features including the uplifted
Remutaka, Aorangi, and Tararua ranges trending northeast (Begg
and Mazengarb, 1996; Begg and Johnston, 2000). The majority of
margin-parallel motion (>50->70%) is taken up by slip on several
predominately dextral strike-slip upper-plate faults in the exposed
forearc; these include the Wairarapa, Wellington, Ohariu, and
Shepherds Gully/Pukerua faults (Figure 2). The Wellington Fault
(slip rate 5.5 + 2.3 mm/yr-New Zealand Community Fault Model
(NZ CEM), Seebeck et al. (2022)) has a near-vertical dip and
exhibits minimal dip-slip motion where it crosses the coast, while
the Wairarapa [slip rate 11 + 3 mm/yr-Seebeck et al. (2022)] and
Ohariu faults [slip rate 1.5 + 0.5 mm/yr-Seebeck et al. (2022)] dip
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steeply northwest and host a larger component of dip-slip motion.
Many of these faults may be listric at depth (Henrys et al., 2013),
and the Wairarapa Fault may connect at a relatively shallow depth
(~5-10 km) with the nearby Wharekauhau Thrust Fault [slip rate
25 £
respective

1 mm/yr—Seebeck et al. (2022)] depending on their
Most  (~80%) of the
perpendicular motion is believed to be accommodated by slip

geometries. margin-
on the subduction interface and connected imbricate thrusts in the
offshore accretionary wedge (Darby and Beavan, 2001; Nicol and
Beavan, 2003; Wallace et al., 2004; Nicol et al., 2007), the closest of
which, at ~5 km from the coast, is the west-dipping, dextral reverse
Palliser-Kaiwhata Fault (e.g., Barnes and Mercier de Lepinay,
1997; Barnes et al.,, 1998; Barnes and Audru, 1999; Mountjoy
etal.,, 2009) (vertical slip rate 5.0 £ 2.0 mm/yr (Seebeck et al., 2022)
(Figure 2).

Results from the 2009-2011 Seismic Array Hikurangi
Experiment (SAHKE) (e.g., Henrys et al, 2013; Williams et al,
2013) show that across the southern Hikurangi Margin (41°S
latitude), the subduction interface has a dip of <5° at shallow
depths (within ~15km of the surface) west of which there is a
sudden increase in dip to >15° at greater depths. This kink in the
interface occurs beneath the Tararua Ranges where a zone of
sediment underplating may exist near the juncture between the
Wairarapa Fault and the plate interface. Here, the seismogenic
behaviour of the subduction interface changes, from weakly
elastically coupled to strongly coupled (Walcott, 1984; Henrys
et al, 2013). Historically (post-1840 AD), no significant (>M,,
7.2) earthquakes have occurred on the southern Hikurangi
subduction interface, however previous studies have revealed
evidence of several pre-historic subduction earthquakes (e.g.,
Cochran et al., 2007; Clark et al., 2011; Clark et al., 2015; Clark
et al. 2019; Litchfield et al., 2021; Pizer et al., 2021). Rupture of the
currently strongly coupled subduction interface, in the form of a
megathrust earthquake, was modelled by Clark et al. (2015) to
determine the areas that are likely to experience coseismic uplift
or subsidence. According to their elastic dislocation model, which
assumes a megathrust recurrence interval of 500 years, the expected
maximum coseismic uplift of the southern North Island would be
~1.0-1.5 m along the east coast ~50 km from the Hikurangi Trough,
~1 m between Cape Palliser and Te Kopi, <0.5 m at Wharekauhau,
and negligible at Turakirae Head ~90 km from the trough; sites
further to the west were estimated to experience subsidence.

Continuous Global Navigation Satellite System (GNSS) and
Interferometric Synthetic Aperture Radar (InSAR) data from the
last few decades from the lower North Island show that interseismic
strain in this region, presumed to be the result of interseismic
coupling on the subduction interface, is currently causing the
area to subside (Beavan and Litchfield, 2012; Houlié¢ and Stern,
2017; Hamling et al, 2022). The rates increase towards the
Hikurangi Trough, from 0 mm/yr at Tongue Point, to 3 mm/yr
at Turakirae Head, and 7 mm/yr in the area between Te Humenga
Point and Cape Palliser (Hamling et al., 2022).

2.3 Previous work
The elevated late Pleistocene shore platforms of the Wellington

south coast are discontinuously preserved between near Tongue
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Point, west of Wellington, and Ngawi near Cape Palliser to the east
(Figure 2). These terraces are variably cut into Triassic-Cretaceous
Torlesse Supergroup bedrock or Neogene to Pleistocene-aged
sedimentary rocks that mantle the Torlesse bedrock (Begg and
Johnston, 2000). The original shore platforms, including the
former shorelines, are typically overlain by marine/beach
deposits, and are now mostly obscured by younger terrestrial
coverbeds (alluvium, loess, colluvium) ranging from a few metres
to up to ~30 m in thickness (Ninis et al., 2022). The terraces are best
preserved and most continuous within the Hikurangi Margin
forearc, along the coast of Palliser Bay, where they decrease in
altitude towards the west, indicating long wavelength, westward
tectonic tilting across this region. Further from the Hikurangi
Trough, the terraces are locally offset by a number of active
crustal faults, most notably the Wairarapa and Ohariu faults
(Ninis et al., 2022).

Previous investigations of the late Pleistocene marine terraces
along the south coast of the North Island by Ghani (1974); Ghani
(1978) and Ota et al. (1981) calculated local uplift using the
terrace tread as the elevation datum (i.e., including the thickness
of coverbed deposits). To calculate uplift for the terraces
preserved along the Palliser Bay and southern Wairarapa
coasts only (Figure 2), Ghani (1974); Ghani (1978) estimated
that sea level during MIS 5e at 125 ka was exactly equal to that of
the current day and, assuming a constant uplift rate, yielded rates
of 1.5-2.0 mm/yr at Cape Palliser, decreasing to 0.5 mm/yr at
Lake Ferry, and slightly increasing again to 1.0 mm/year at the
westernmost site of his study, at Wharekauhau. For their study
along the Wellington south coast west of the Wairarapa Fault
only (Figure 2), Ota et al. (1981) had assumed that all of the
“main” preserved terraces were created during the “main high sea
level event of the last interglacial”, which at the time was
estimated to be 120 ka. In their uplift rate calculations, Ota
et al. (1981) inferred that sea level during this time was the
same as that of the current day, based on work by Chappell
(1974); their uplift rate estimates ranged from ~0.6 mm/yr at
Tongue Point to 0.9-1.0 mm/yr at Baring Head.

Subsidence of inferred Last Interglacial beach deposits has
been documented on the north side of Wellington Harbour
(Figure 2). Using drillhole core logs, Mildenhall (1995) and
Begg and Mazengarb (1996) identified a marginal marine
facies sequence on the downthrown side of the Wellington
Fault, ~48-105m below sea level. These deposits were not
dated, but were correlated to MIS 5 (71-128 ka) in age. This
subsidence has resulted from localised extension at a releasing
bend (e.g., Begg and Johnston, 2000) on the otherwise
predominately strike-slip Wellington Fault (e.g., Van Dissen
et al., 1992; Little et al., 2010; Langridge et al., 2011; Ninis
et al., 2013).

More recently, Ninis et al. (2022) undertook an investigation of
the emergent marine terraces along the entire length of the
Their study employed Optically
Stimulated Luminescence (OSL) dating of shore platform

Wellington south coast.
coverbeds which provided the first numerical ages for the
majority of these terraces, most of which were shown to be
between MIS 5a (peak age 82ka) and MIS 7a (196 ka) in age
(Figure 2). They also employed differential Global Navigation

Satellite System (GNSS) elevation measurements of exposures of
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the wave-cut bedrock shore platform straths (ie., excluding the
variable thickness of coverbeds) allowing for their attitudes to be
determined and for the terraces to be temporally correlated across
the margin.

3 Methods
3.1 Terrace chronology

For each of the late Pleistocene marine terraces preserved
along the Wellington south coast, we apply the formative ages
provided by Ninis et al. (2022) (Figure 2) who made the
assumption that shore platforms were cut during sea level
highstands. They used OSL ages of marine (beach) deposits
directly overlying the ancient shore platforms to determine the
corresponding marine isotope stage (MIS), and then assigned
them peak sea level ages as defined by Lisiecki and Raymo (2005).
They also dated younger coverbed deposits, higher in the
stratigraphic sequence (loess, colluvium), in order to provide
assurance that the OSL ages defined a coherent “younging

10.3389/feart.2023.1028445

upwards” stratigraphic sequence. The terraces preserved at
each site are listed by their corresponding MIS age in Table 1.

3.2 Shoreline angle elevation
reconstructions

The elevation measurement required to calculate uplift of a
shore platform is that of the ancient shoreline, which we refer to as
the shoreline angle (Lajoie, 1986) (Figure 4). This feature coincides
with the most landward extent of the shore platform-the back edge,
at the base of the ancient sea cliff-and is assumed to have been cut at
the maximum reach of sea-level at the time of formation (Jara-
Muioz et al., 2016). During our study, exposures of the shoreline
angle in bedrock were not found, due to shore platform cover bed
deposits at the back edge of the terrace (predominately loess and
colluvium) obscuring them. For this reason, the position and
corresponding elevation of the shoreline angle beneath the
younger coverbeds had to be reconstructed.

We use the mean planar attitude (strike/dip/dip direction) of the
shore platform at each site, as calculated by Ninis et al. (2022). These

TABLE 1 Wellington south coast late Pleistocene marine terraces ages, shoreline angle elevations, absolute tectonic uplift and corresponding uplift rates. Marine
terrace MIS ages are from Ninis et al. (2022) and peak ages are from Lisiecki and Raymo (2005).

Location Marine terrace Marine terrace age (MIS Elevation (m) Absolute tectonic Uplift rate

age (MIS) peak) (ka) uplift (m) (mm/yr)
Shoreline Shore
angle platform

Tongue Point 5a 82+ 4 16.0 + 3.0 (U) 26.0 + 9.0 0.3 + 0.1 (U)

7.0 + 3.0 (D) 17.0 £ 9.0 0.2+ 0.1 (D)

5¢ 96 + 4 16.0 + 3.0 (U) 27.0 £ 10.0 0.3 + 0.1 (U)

7.0 + 3.0 (D) 18.0 + 10.0 0.2+ 0.1 (D)

5e 123 + 4 75.0 + 3.0 (U) 67.8 + 4.8 0.6 + 0.1 (U)

27.0 + 3.0 (D) 19.8 + 4.8 0.2+ 0.1 (D)

7a 196 + 4 82.7 + 3.0 (D) 947 + 6.0 0.5+ 0.1 (D)
Baring Head 5a 82+ 4 120.5 + 3.0 130.5 + 9.0 1.6+ 0.2
5a 82+4 89.8 + 4.7 99.8 + 10.7 12 %02
5e 123+ 4 95.8 + 3.0 88.6 + 4.8 0.7 + 0.1
« 7a 196 + 4 173.6 + 3.0 185.6 + 6.0 1.0 + 0.1
Wharekauhau 7a 196 + 4 17.9 + 3.0 29.9 + 6.0 0.2 +0.1
Lake Ferry 5¢ 96 + 4 61.1 + 0.1 721 +7.1 0.8 + 0.1
Te Kopi 5¢ 96 + 4 94.9 + 0.4 105.9 + 7.4 1.1+0.1
Washpool 5a 82t 4 92.1+0.7 1021 £ 6.7 1.3 £0.2
5e (5c) 123 + 4 (96 + 4) 114.0 + 3.0 106.8 + 4.8 0.9 + 0.1
125.0 + 10.0 13+02
Te Humenga 5e 123 + 4 195.9 + 2.0 188.7 + 3.8 1.5+ 0.1
Ngawi 5e 123+4 213.6 + 8.3 206.4 + 10.1 1.7 £0.1

Where shown in Italics, uplift rate has been calculated from a shore platform exposure, and so is a minimum value for that location. MIS 5a: Sea level =4 to —16 m (Creveling et al., 2017); MIS 5¢c:
Sea level —4 to —18 m (Creveling et al., 2017); MIS 5e: Sea level +5.5 to +9 m (Dutton and Lambeck, 2012); MIS 7a: Sea level -9 to =15 m (Bard et al., 2002; Siddall et al., 2007; Grant et al., 2012;
2014).(U) and (D) denote the upthrown and downthrown sides of the Ohariu Fault, respectively.

Frontiers in Earth Science 07 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1028445

Ninis et al. 10.3389/feart.2023.1028445
Terrace tread
(older terrace)
M
Terrace tread /
(younger terrace) . .
young T <«—ancient sea cliff
Sea level
modern
sea cliff
» ancient shore platform shoreline angle
===/ g — modern shore platform
non-marine coverbeds: marine/ beach deposits |:| bedrock
allvium, loess, colluvium
FIGURE 4

Schematic diagram showing typical geomorphic and geological features of marine terraces. Figure modified after Pillans (1990). Thickness of marine
deposits and non-marine coverbeds (e.g., loess, colluvium) are illustrative only - they do not represent true thickness.

were determined from GNSS Real-Time Kinematic (RTK) surveyed
elevations of the shore platform wherever it was exposed, mainly in
the coastal cliffs at the current-day front edge of the terrace, but also
in drainage channels which cut through the terraces, as well as in
man-made track cuttings. Ninis et al. (2022) describe the precision
of the instrumentation and surveying technique used to collect these
elevation points as within the natural variation of relief of the shore
platform, which they estimated to be +3 m. The shore platform data
points (latitude, longitude, elevation), were then used to calculate a
plane of best fit. The accuracy of their fitted plane was governed by
the number of elevation points used, the effects of any outliers within
the elevation dataset (for instance, measuring local lows due to
channels, or highs due to stacks on the shore platform) and the
spatial distribution of the data points. Each plane was associated
with a corresponding residual of the fit - the smaller the residual, the
better the fit.

In this study, we reconstruct the position and elevation of the
shoreline angle using a series of profiles (e.g., Figure 5) parallel to the
calculated dip of the shore platform. Because the paleo-shoreline is
located at the intersection of the shore platform and the ancient sea
cliff behind it, for each profile the shore platform surface was
projected (with the appropriate dip angle) from a surveyed
exposure site towards the sea cliff at the rear of the terrace. Since
the ancient sea cliff has been modified by subsequent erosion and
deposition, its original slope was estimated for each profile using the
mid-point of the local modern-day sea cliff as an analogue for that
site, with the assumption that the mid-point is least modified by
erosion (which is most likely to be experienced at the top of the sea
cliff) and least obscured by colluvial deposition (likely to occur at the
bottom of the sea cliff). On each profile, the intersection of these two
lines-representing the shore platform and ancient sea cliff-provided
the elevation of the shoreline angle for that site. The uncertainty
value of each calculated shoreline angle elevation is dependent on
how well the calculated shore platform “fit” the surveyed elevation
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data at that site; we have used the residual of the plane fit (the
average distance of each surveyed elevation point to the
define this
uncertainty. Strandline elevations and associated uncertainties are

corresponding calculated shore platform) to
listed in Table 1, and the full set of shoreline angle reconstruction
profiles are provided in the Supplementary Material accompanying

this manuscript.

3.3 Determining absolute tectonic uplift

The formation of the sequence of preserved late Pleistocene
shore platforms on the Wellington south coast spans several
highstands, between which sea level has varied. As a result,
shoreline angle elevations measured above current-day mean sea
level may be more or less than the absolute value of tectonic uplift,
depending on whether sea level was lower or higher, respectively, at
the time of their formation. Absolute tectonic uplift of a shore
platform is calculated by the difference between the present-day
shoreline angle elevation and paleo-sea level at the time that it was
formed.

Some eustatic sea level reconstructions are based on radiometric
dating and elevation measurements of paleo-sea level
indicators-sediments or landforms whose position relative to sea
level at the time of their formation is known (e.g., Huon Peninsula in
Papua New Guinea - Chappell et al., 1996; Stirling et al., 1998;
Chappell, 2002; Potter et al., 2004; Thompson and Goldstein, 2005;
O’Leary et al., 2008; Thompson et al., 2011). Others are based on the
ratio of oxygen-18 (**O) and oxygen-16 ('°O) in fossil calcite
contained within benthic and planktonic foraminifera of marine
sediments, which is a function of the total global ice volume and
deep ocean temperature (e.g., Red Sea - Rohling et al., 2008; Grant
et al.,, 2012; Grant et al., 2014). Results of method-specific and site-

specific sea level studies can depart significantly from the global
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Late Pleistocene marine terraces at Ngawi, near Cape Palliser, showing shoreline angle elevation profiles reconstructions - Profiles (A—C) -onalm
lidar shaded hillslope model (courtesy GWRC/https://data.linz.govt.nz/layer/53621-wellington-lidar-1m-dem-2013-2014/).

mean; the latter is particularly true for sites where sea level is
strongly influenced by glacio-hydro-isostatic effects (e.g.,
Lambeck and Nakada, 1992). As a result, studies using different
methods and/or from different sites often result in varying paleo-sea
level estimates. Although eustatic sea level reconstructions are
available for New Zealand for the Holocene (e.g., Gibb, 1986;
Clement et al., 2016), reliable estimates are not available for the
MIS highstands relevant to this investigation - MIS 5a (peak age
82 ka), 5¢ (96 ka), 5e (123 ka) and 7a (196 ka). As such, for this
study, we use eustatic sea level estimates determined from the
“pooling” of high-quality data derived from a number of global
sites, which have been corrected for isostatic contributions and
probabilistically analysed.

A study of sea level that encompasses the penultimate
interglacial, MIS 7, by Bard et al. (2002), measured the depth of,
and radiometrically dated the calcite within, drowned speleothems
in Italy. They compared their results to the depth and age of
speleothems in the Bahamas (Li et al, 1989) to constrain sea
level during MIS 7a to between —18 m and -9 m. This data was
included in a review of all previously published data by Siddall et al.
(2007) MIS 7a to
between -5 and —15m. In this study, we apply the overlapping
values of the estimates of Bard et al. (2002) and Siddall et al. (2007)
to obtain 9-15 m below present.

who constrained sea level for

All recent studies for MIS 5e agree that sea level was higher
than at present, with some studies suggesting that it was higher
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even than the previous long-standing estimates of +2-6 m (e.g.,
Neumann and Hearty, 1996; Stirling et al., 1998; McCulloch and
Esat, 2000). Using a compilation of previously published sea level
data from >40 different sites around the world, Kopp et al. (2009)
undertook a probabilistic assessment of sea level during MIS 5e;
their results showed a 95% probability that it had exceeded
+6.6m. In a review of global data which also takes into
consideration glacio-hydro-isostatic ~ effects, Dutton and
Lambeck (2012) estimate sea level during MIS 5e at +5.5-9 m,
which we apply in this study.

Estimates of peak sea level for MIS 5a and 5c¢ vary widely
depending on the study site, due to stronger glacio-hydro-
isostatic effects resulting from the load of the Northern
Hemisphere ice sheets (Lambeck, 2004; Potter and Lambeck,
2004; Thompson and Goldstein, 2005; Dumas et al., 2006). To
reduce uncertainty in the variable sea level estimates for MIS 5a and
5¢c, Creveling et al. (2017) considered regional sea level estimates
determined from geomorphic paleo-sea level indicators from
38 sites across the world. The data were included in a sensitivity
analysis incorporating glacial isostatic adjustment simulations to
constrain peak global sea level bounds for MIS 5a to ~4-16 m below
present, and for MIS 5c¢ to ~4-18 m below present, which we assume
in our calculations.

Although applying these eustatic sea level estimates to the lower
North Island means that any local glacio-hydro-isostatic effects are
not taken into consideration, it is likely that such effects to
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New Zealand were small due to the relative isolation of New Zealand
from the ice sheets; <1 m during the Holocene (Clement et al., 2016)
and as far back as MIS 5¢ (Creveling et al., 2017).

3.4 Uplift rate calculations

To calculate the tectonic uplift rate, we apply the equation:

Uplift Rate (mm/yr) = Absolute Tectonic Uplift (m)/MIS Peak
Age (ka)

The uncertainties in the uplift rate calculations incorporate
those described in Ninis et al. (2022), namely: 1) the geologically-
observed variability of each surveyed elevation point of +3 m (10)
which was included in the shore platform best-fit plane calculations;
2) the residual value of each calculated shore platform plane,
representing the average distance (m) each surveyed shore
platform elevation point deviated from the calculated best-fit
plane, which was assigned as the uncertainty to the calculated
shoreline angle elevation of that shore platform; these ranged
from 0.1 to 8.3 m (Table 1). In addition, we consider 3) the full
range of sea level estimated for each MIS under consideration and
4) + 4ka to each corresponding peak sea level age, as defined by
Lisiecki and Raymo (2005).

Although uplift is most accurately determined from shoreline
angle elevations, in some instances, where a shoreline angle elevation
could not be reconstructed, we have used surveyed elevation
measurements from shore platform exposures as close to the rear
of the terrace as possible (i.e., nearest to the shoreline angle) to
estimate a minimum uplift rate for that site.

3.5 Modelling of geodynamic contributions
to uplift

We combine elastic dislocation models with simple isostatic
calculations to assess contributions to uplift across the southern
Hikurangi Margin since the late Pleistocene from four subduction-
related processes: 1) slip on upper-plate faults; 2) subduction of the
buoyant Hikurangi Plateau beneath the North Island; 3) permanent
strain in the upper-plate associated with the earthquake cycle on the
Hikurangi subduction interface; and 4) crustal thickening due to
underplating of subducted sediment. The possible combined
contributions of these processes to uplift rates were explored by
Litchfield et al. (2007) using thermomechanical finite element
models. We here build on that work by considering each process
separately, with the aim of establishing upper bounds on the
contribution to observed uplift from each process, rather than
estimating combined uplift rates due to multiple processes
together. We introduce our modelling of faulting within the
the
underpinning our estimates of uplift rates associated with the

upper-plate  here, and include simple  calculations

other processes in the Discussion (Section 5.2).

3.5.1 Elastic dislocation models

Slip on reverse faults within the overriding Australian Plate
thickens the crust and would therefore be expected to contribute to
permanent uplift (Figure 3C). The aim of this analysis is to identify
approximate end member models, representing the likely minimum
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and maximum contributions of slip on upper-plate faults to uplift
since the late Pleistocene. We model deformation using the elastic
dislocation method of Okada (1985). Strictly, our use of this method
models terrace uplift as the elastic response of a homogeneous solid
to hundreds of metres of slip on a fault, as many previous studies
have done (e.g., Anderson and Menking, 1994; Jara-Muiloz et al.,
2019; Jara-Munoz et al., 2022; Nicol et al., 2022). Since surface
displacement scales linearly with fault slip in this formulation, the
calculated uplift response is equivalent to the cumulative sum of the
metre-scale individual elastic response to each earthquake. Although
this form of elastic support is not a plausible mechanism to explain
permanent uplift, the distribution of modelled uplift is closely
related to the distribution of rates of crustal thickening through
fault slip, which does lead to permanent uplift.

The overall pattern of westward tilting and corresponding
decreasing uplift of the marine terraces closest to the Hikurangi
Trough, between Cape Palliser and Wharekauhau, suggests that the
structures responsible for this uplift are likely to be offshore of the
east coast. This uplift pattern is abruptly interrupted across the
Wairarapa Fault, west of which the marine terraces are preserved
less continuously and are obviously vertically displaced by upper-
plate faults (Ninis et al., 2022) (Figure 2). Based on these
observations, we consider two separate sets of elastic dislocation
models to represent permanent uplift that might be contributed to
by repeated slip on 1) the Palliser-Kaiwhata Fault-the main active
fault offshore of the east coast, which has previously been shown to
be responsible for uplifted Holocene marine terraces on the
southeast coast of the North Island (Berryman et al, 2011;
Litchfield and Clark, 2015), and 2) the Wairarapa-Wharekauhau
fault system, respectively. At Wharekauhau we also consider the
possible opposing contributions associated with the site being
located on the downthrown site of the Wairarapa Fault.
Although there are several other faults in the hanging walls of
both these fault systems, their dip-slip rates are an order of
magnitude smaller; they can therefore be neglected in our
modelling, which seeks to explain the large-scale features of Late
Pleistocene marine terrace uplift. We choose not to model slip on the
Wellington Fault, because there are no late Pleistocene marine
terraces preserved nearby to where the fault crosses the coast,
from which to quantify vertical displacement. Moreover Van
Dissen et al. (1992) have shown little dip-slip motion across the
fault near where it crosses the Wellington south coast, even though
some vertical displacement has been observed across the fault
further north, away from our modelled profile.

Although the upper-plate faults we consider are dextral-reverse,
the strike-slip component causes negligible crustal thickening and
would not lead to uplift on the timescale of multiple seismic cycles.
Consequently, we only model deformation associated with the dip-
slip component of these faults (i.e., we assume pure reverse slip). We
experiment with a variety of fault geometries-both planar and
listric—and slip rates, using a trial-and-error approach to match
absolute uplift, within the constraints of the available data and
informed by previous interpretations (e.g., Berryman et al.,, 2011;
Henrys et al.,, 2013; Litchfield and Clark, 2015; Seebeck et al., 2022).
The fault geometry is represented by one or more rectangular
patches, and we assume uniform slip and Lamé parameters p
and v of 3 x 10Pa and 0.25 respectively. We extend our
modelled fault 100 km along strike from the marine terrace
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transect, in effect producing a 1D profile transect rather than a 2D
map of modelled displacements. This approach is reasonable
because the sites where we calculate uplift rates lie close to a line
sub-perpendicular to the strike of faults of interest; it also allows us
to model the possible influences of flexure and isostasy on terrace
elevations, which we describe next.

3.5.2 Flexural modelling

One limitation of our dislocation modelling is that it does not
consider a key prerequisite of permanent uplift: support of the
uplifted topographic load through some combination of flexure and
isostatic compensation. Both these mechanisms require that not all
crustal thickening is translated to an equivalent amount of
permanent uplift; they are often neglected in slip rate studies
involving marine terraces (e.g., Jara-Munoz et al, 2022; Nicol
et al,, 2022), but we model them to avoid underestimating slip
rates for our end-member models.

We model flexural isostatic responses to topographic loading by
fault slip using gFlex (Wickert, 2016). We assume that the crust of
the overriding Australian Plate is much weaker than that of the
Pacific Plate (Watts et al., 2013), so that any flexural support is
dominated by the subducting plate. We use 500 km-wide 1D flexural
profiles, and assume a Young’s modulus (E) of 2 x 10" Nm™, a
Poisson’s ratio of 0.25 and a mantle density p,, of 3,300 kg m™
(Cohen and Darby, 2003; Evanzia et al,, 2019). We impose a “no
slope, no shear” boundary condition (Wickert, 2016) at each end of
our modelled profile, where the modelled plate is clamped but free to
translate up and down. However, for this scenario, the choice of
boundary condition makes a negligible (<1%) difference to the
model results. The main controls on the magnitude of the
flexural-isostatic response to our imposed topographic load are
elastic thickness, T, and crustal density p.. Since one purpose of
this study is to determine how much of the observed uplift can
reasonably be attributed to slip on upper-plate faults, we run three
suites of models to demonstrate the effect on our results of a
conservative value for T,. For our preferred suite of models, we
assume a T, of 40 km. This value is close to the lower bound of
previous estimates of elastic thickness for the Pacific Plate under
southern North Island (Cohen and Darby, 2003); although this value
is higher than some others, it is consistent with suggestions that
oceanic lithosphere is stronger over 100-kyr timescales than the
million-year timescales over which T, is usually estimated (Watts
et al., 2013). To account for uncertainty in this T, estimate, we also
run alternative, more conservative models using a T, of 15km,
which is at the lower end of the range of observed estimates for
oceanic lithosphere worldwide (Watts et al., 2013). Finally, to
demonstrate the effect of assuming a very thick T, we run some
models assuming T', is 100 km, minimising flexural-isostatic effects
in the model. For p,, we assume a density of 2,600 kg m> when
calculating the weight of our modelled topographic load. This
density is slightly lower than the average density of the wet
greywacke that likely comprises much of the uplifted material
(2,650 kg m>—Brideau et al, 2022), but remains an appropriate
conservative value to use because: 1) much of the uplifted material
probably has a lower density than greywacke (e.g., unconsolidated
fan material); 2) we do not account for erosion and removal of some
of the uplifted rock; and 3) some of the uplifted terrace material was
previously underwater and therefore subject to an extra load which
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was removed through uplift above sea level. These conservative
assumptions maximise the deflection associated with a given uplift
distribution, thereby maximizing the amount of fault slip required to
match observed terrace uplift.

3.5.3 Fit to observed uplift

The models presented are intended to be indicative and are
based on several simplifying assumptions described above, so a
perfect fit to the observed uplift rates should not be expected. Despite
their simplicity, we assess the root mean square misfit of our models
to available data.

For our models of slip on the Palliser-Kaiwhata Fault, we assess
their fit to observations by calculating the RMS misfit between
modelled and observed uplift at five sites: east of Lake Ferry, at Te
Kopi, Washpool/Whatarangi, Te Humenga Point and Ngawi
(Figure 2). We also model uplift at Wharekauhau, but exclude
the site from our RMS misfit calculation because it lies in the
immediate footwall of the Wharekauhau Thrust Fault. Footwall
subsidence due to slip on that fault may influence the elevation of the
terraces at Wharekauhau. Moreover, Ninis et al. (2022) highlight a
likely complex history of both subsidence and uplift at this site,
which is contributed to by movement on other nearby faults in
addition to the Wairarapa-Wharekauhau fault system. We therefore
do not use observed uplift at this site to constrain slip on the Palliser-
Kaiwhata Fault.

For the Wairarapa-Wharekauhau fault system, it is harder to use
terrace elevations to constrain fault slip rates as there are far fewer
sites with preserved late Pleistocene marine terraces (Ninis et al.,
2022); they are restricted to two broad areas: at Tongue Point, and
the area around Baring Head. Marine terrace elevations at these sites
are influenced by slip on the Ohariu Fault, and the Baring Head and
East River faults, respectively, so it would be challenging to use
terrace uplift to constrain the slip rate on the deeper Wairarapa-
Wharekauhau fault system. Instead, our models test whether slip on
the Wairarapa-Wharekauhau fault system could plausibly be
responsible for uplift at Tongue Point, where in addition to the
terraces being offset by the Ohariu Fault, the site is overall uplifted.
For this test, we attempt to match the uplift rate of the MIS 5e
marine terrace averaged across the fault (Ninis et al., 2022).

In order to observe temporal variations in uplift rates, it would
be required that shore platforms from each of MIS 5a, 5¢, 5e and 7a
be preserved at every site across the Wellington south coast-this is
not the case. As we are constrained by the available preservation of
marine terraces, and that, the terraces at the sites used to constrain
our models are of different ages (MIS 5a, 5¢ and 5e), in this
investigation it is necessary to assume that uplift rates have been
constant across the southern Hikurangi Margin since the late
Pleistocene. This assumption is widespread in studies that aim to
constrain uplift rates by matching terrace elevations to sea-level
curves (e.g., Pedoja et al., 2006; Authemayou et al., 2017; Jara-Munoz
et al, 2017; De Gelder et al, 2020), but has been challenged by
Mouslopoulou et al. (2016) and McKenzie et al. (2022). We prefer
the of
approaches—such as attempting to fit uplift of an inferred MIS

assumption constant uplift rates to alternative
5e terrace in places where there are no direct dating constraints—for
two reasons. First, Mouslopoulou et al. (2016) suggest that
fluctuations in uplift rate over the time period of interest

(~80-120 ka) are relatively small (a factor of 1-2 compared with
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TABLE 2 Elastic dislocation model scenarios for our model of the Palliser-Kaiwhata Fault.

Model Dip slip Oblique slip Te Regional uplift ~ Wharekauhau TF Deflection
geometry rate rate (mm/yr) (km)  rate (mm/yr) slip rate (mm/yr)
(mm/yr) Min Min
(%)

1 | PK listric 5.3 7.5 40 0 0 21.93 384 57.4 26.7 19.5 61.5 205.6 Figure 7

2 PK listric 5.7 8.1 40 0 2.5 24.54 40.6 60.7 28.2 20.6 65 217.3 Supplementary
Figure SC1

3 PK listric 6.9 9.8 15 0 0 30.79 101.7 148.2 72.8 53 154.3 515.9 Supplementary
Figure SC2

4 | PK listric 7.3 10.3 15 0 2.5 36.19 105.8 154.3 75.6 55 160.9 538 Supplementary
Figure SC3

5  PK listric 4.6 6.5 40 0.2 0 20.56 333 49.8 232 16.9 534 178.4 Supplementary
Figure SC4

6  PK listric 5 7.1 40 0.1 0 21.03 36.2 54.2 25.2 18.4 58 193.9 Supplementary
Figure SC5

7 PK listric 3.8 54 40 0.4 0 21.31 27.5 41.2 19.2 14 44.1 147.4 Supplementary
Figure SC6

8  PK listric 42 59 40 0.4 2.5 19.28 29.7 444 20.7 15 47.6 159.1 Supplementary
Figure SC7

9 | PK listric 53 7.5 40 0.1 2.5 22.59 37.7 56.3 26.2 19.1 60.3 201.8 Supplementary
Figure SC8

10 = PK listric 49 6.9 40 0.2 2.5 21.02 34.8 52 24.2 17.6 55.7 186.2 Supplementary
Figure SC9

11 | PK listric 4.8 6.8 100 0 2.5 20.61 7.1 10.6 4.9 3.6 11.4 38.1 Supplementary
Figure SC10

12 PK listric 4.5 6.4 100 0 0 20.44 6.8 10.2 4.7 3.5 10.9 36.5 Supplementary
Figure SCI11

13 PK listric 4.2 59 100 0.2 2.5 19.21 6.2 9.3 4.3 3.1 9.9 33.2 Supplementary
Figure SC12

14 = PK listric 39 55 100 0.2 0 21.09 59 8.8 4.1 3 9.5 31.6 Supplementary
Figure SC13

15 | PK listric 6 8.5 15 0.2 0 25.24 88.5 128.9 63.3 46.1 134.1 448.6 Supplementary
Figure SC14

16 = PK listric 6.4 9.1 15 0.2 2.5 29.35 92.5 135 66.1 48.1 140.7 470.7 Supplementary
Figure SC15

17 = PK listric 5 7.1 40 0.1 0 21.03 36.2 54.2 252 18.4 58 1939

(Continued on following page)
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TABLE 2 (Continued) Elastic dislocation model scenarios for our model of the Palliser-Kaiwhata Fault.

Model Dip slip Oblique slip T Regional uplift =~ Wharekauhau TF RMS Deflection
geometry rate rate (mm/yr)  (km) rate (mm/yr) slip rate (mm/yr) misfit
(mm/yr) (m) Mean  Mean  Min  Min
(m) (%) (m) (%)
Supplementary
Figure SC16
18 = PK listric 53 7.5 40 0.1 2.5 22.59 37.7 56.3 26.2 19.1 60.3 201.8 Supplementary
Figure SC17
19 | PK listric 6.5 9.2 15 0.1 0 27.82 95.8 139.6 68.6 49.9 145.3 486 Supplementary
Figure SC18
20  PK planar 5.4 7.6 40 0 0 66.74 23.6 35 16.5 12.1 37.3 124.7 Supplementary
Figure SC19
21  PK planar 5.7 8.1 40 0 2.5 76.96 241 35.9 16.9 12.4 38.2 127.8 Supplementary
Figure SC20
22 PK planar 4.8 6.8 40 0.2 0 52.86 21 311 14.6 10.8 33.1 110.8 Supplementary
Figure SC21
23 | PK planar 5 71 40 0.2 2.5 62.9 21.1 31.3 14.7 10.8 33.4 111.6 Supplementary
Figure SC22
24  PK planar 4.1 5.8 40 0.4 0 39.36 17.9 26.6 12.5 9.2 28.3 94.7 Supplementary
Figure SC23
25  PK planar 44 6.2 40 0.4 2.5 49.04 18.5 27.4 12.9 9.5 29.2 97.8 Supplementary
Figure SC24
26 = PK planar 35 4.9 40 0.6 0 26.72 153 22.7 10.7 7.9 24.2 80.8 Supplementary
Figure SC25
27 | PK planar 3.7 5.2 40 0.6 2.5 35.55 15.4 229 10.8 7.9 244 81.6 Supplementary
Figure SC26
28 = PK planar 5.5 7.8 15 0.1 0 74.71 48.3 68.4 35 26.5 69.4 2323 Supplementary
Figure SC27
29  PK planar 5.6 7.9 15 0.1 2.5 84.74 47.3 67.2 34.3 25.9 68.4 228.7 Supplementary
Figure SC28
30 PK planar 4.5 6.4 15 0.4 0 51.14 39.5 56 28.6 21.7 56.8 190 Supplementary
Figure SC29

1€ 19 SIuIN

Bioruisianuody

Fault model geometries are found in Table 3. Dip slip rate is the slip rate that fits the observed uplift best, with the listed RMS (root mean square) misfit. Oblique slip rate is the full fault slip rate calculated from the dip slip rate by assuming a rake of 45°. T is the elastic
thickness assumed for the downgoing Pacific Plate for each model scenario. Regional uplift rate is a uniform rate applied to all modelled points to simulate long-wavelength contributions to uplift from processes other than Palliser-Kaiwhata Fault slip. Wharekauhau
Fault slip rate refers to slip rate of a modelled Wharekauhau Thrust to investigate its effect on model results. Deflections are the maximum, minimum and mean subsidence caused by the flexural isostatic response to fault slip and consequent crustal thickening at each site
where uplift rates have been calculated. These are expressed as absolute deflections (in metres) and percentages of the magnitude of total uplift at that site.
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TABLE 3 Fault model geometries for the model scenarios in Table 2. Depths shown are vertically downwards from the surface.

Fault model geometry

From (depth, km)

To (depth, km)

Palliser-Kaiwhata F. - Listric 0 2 40
2 6 30
6 23 20
Palliser-Kaiwhata F. - Planar 0 18 40
Wairarapa-Wharekauhau F. - Listric 0 5 45
5 10 40
10 15 30
15 20 20
20 30 35

an order of magnitude for shorter timescales). Second, and more
importantly, if variability in uplift rates is significant, we should not
be able to achieve an adequate fit between our model and observed
uplift.

3.5.4 Palliser-Kaiwhata Fault model scenarios

We run 30 different model scenarios (Table 2) to determine the
possible contribution to observed uplift from slip on the Palliser-
Kaiwhata Fault, and to demonstrate the effects of different
parameters on the spatial distribution of modelled uplift. The
parameters considered are: fault geometry (listric or planar); T,,
(Section 3.5.2); Wharekauhau Thrust Fault slip rate; and regional
uplift rate. Our modelled listric and planar fault geometries are
provided in Table 3. The planar modelled geometry has a constant
dip of 40°—based primarily on shallow seismic reflection data
(Barnes et al., 1998; Seebeck et al., 2022)—from the surface to its
junction with the subduction interface of Williams et al. (2013). The
modelled listric geometry reflects the possibility that the dip of the
Palliser-Kaiwhata Fault may become shallower at depth, and is
loosely based on faults in the profiles presented by Henrys et al.
(2013). We consider three different values for T,—our preferred
value of 40 km and maximum and minimum likely values of 100 km
and 15km, respectively. The regional uplift rate parameter is
designed to represent long-wavelength uplift due to processes
such as subduction of the buoyant Hikurangi Plateau and the
subduction interface earthquake cycle, and is applied as a
spatially-uniform uplift across our whole modelled profile.
Finally, the Wharekauhau Thrust Fault slip rate parameter is
included to demonstrate the possible effect of slip on this
structure on uplift further east; for some models we impose a slip
rate of 0 mm/yr, and for others we use a slip rate of 2.5 mm/yr and
assume a dip of 45° from the surface to 10 km depth (Seebeck et al.,
2022).

3.5.5 Wairarapa-Wharekauhau fault system model
scenarios

Since the purpose of our Wairarapa-Wharekauhau fault
system models is to test whether slip on that fault could
contribute to uplift at Tongue Point, we run a much narrower
range of models than for the Palliser-Kaiwhata Fault. We use a
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single listric fault model geometry (Table 3), based on that
inferred for the Wairarapa Fault further north by Henrys et al.
(2013). We experiment with different values for T, and slip rate,
taking our preferred values of 40 km and 2.5 mm/yr (Seebeck
et al., 2022) as starting points.

4 Results

4.1 Shoreline angle elevations and uplift
rates

In this section we apply the marine terrace shore platform mean
planar attitudes from Ninis et al. (2022) and create profiles across
each shore platform and corresponding sea cliff, in order to
determine the shoreline angle elevations of the late Pleistocene
terraces preserved along the Wellington south coast. We then use
the reconstructed shoreline angle elevations, corrected for sea level
during the relevant, formative highstand, to determine absolute
tectonic uplift and calculate uplift rates. Calculations have been
made for shore platforms corresponding to MIS 5a (peak age 82 ka),
5¢ (96 ka), 5e (123 ka) and 7a (196 ka) (Ninis et al., 2022), and are
described by field site, presented west to east. Results are
summarised in Figure 6 and Table 1.

4.2 Tongue Point

There are three late Pleistocene marine terraces preserved at
Tongue Point. The youngest has been inferred as MIS 5¢ (or possibly
MIS 5a), based on its position in the terrace sequence; it is lower than
the main terrace at this site, which OSL dating indicates formed
during MIS 5e. One older, higher terrace is inferred to have formed
during MIS 7a. The terraces are offset-uplifted on the western
side-by the Ohariu Fault (Figure 2).

With only a few remnant stacks of the youngest late Pleistocene
terrace remaining at Tongue Point, this shore platform was not
expansive enough to meaningfully determine a shore platform
attitude. Instead, to estimate uplift rates, we use surveyed shore
platform spot elevations of 16 + 3 m on the west of the fault, and 7 +
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FIGURE 6

Uplift rates and associated uncertainties calculated from the shore platforms preserved along the Wellington south coast; black outline—rates
determined from shoreline angle reconstructions; grey outline—minimum uplift rates calculated from shore platfrom spot elevations, where shoreline
angle elevations could not be determined. The different colours denote the different aged marine terraces (coloured as in Figure 2).

3 m on the east; these yield values of 0.3 + 0.1 mm/yr and 0.2 +
0.1 mm/yr respectively, whether the shore platform was cut during
MIS 5a or MIS 5c. These values provide a vertical slip rate across the
fault of ~0.1 mm/yr at this site since the formation of this shore
platform.

The MIS 5e shore platform attitudes show that they are strongly
tilted on both sides of the Ohariu Fault. On the western side, the
shore platform is oriented 111/8.8° NE; it dips in an inland direction,
in contrast to the modern-day shore platform which is near-
horizontal. Ninis et al. (2022) inferred that this dip reflects
localised deformation by the Ohariu Fault. Alternatively, this dip
could be the result of an erroneously high elevation point (e.g., a
preserved stack) at the coastal extent of the terrace. For this reason, a
shoreline angle elevation was not reconstructed here; instead, we use
a surveyed elevation at a shore platform exposure of 75 + 3 m to
calculate a minimum uplift rate of 0.6 £ 0.1 mm/yr since 123 ka. On
the eastern side of the fault, the shore platform attitude was
determined as 118/16.8° SW. Ninis et al. (2022) observed that
elevation data here showed a bimodal distribution, with several
lower elevation points occurring where the shore platform abuts the
Waiariki Stream; they attributed this unusually steep apparent dip of
the MIS5e shore platform here to localised tectonic tilting adjacent
to the Ohariu Fault, possibly in combination with erosion of the
bedrock by the Waiariki Stream producing a local topographic low;
this latter scenario is consistent with the shore platform here being
repeatedly downthrown and exposed to river and marine erosion.
To constrain uplift for this east side of the fault, we use a shore
platform elevation surveyed near to the fault, of 27.0 + 3 m, to yield a
minimum uplift rate of 0.2 £ 0.1 mm/yr; further from the eastern
side of the fault, where a shore platform elevation is 48.0 + 3 m, uplift
is calculated at 0.3 + 0.1 mm/yr. The difference in uplift observed
between the two MIS 5e shore platforms on either side of the Ohariu
Fault, provides a vertical slip rate of ~0.3-0.4 mm/yr across this fault
at this site. Using absolute tectonic uplift from the MIS 5e shoreline
platform on the upthrown (67.3 + 3.0 m) and downthrown (19.3 £
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3.0 m) side of the Ohariu Fault gives a mean uplift rate of ~0.35 mm/
yr since 123 ka.

The oldest marine terrace preserved at Tongue Point,
corresponding to MIS7a, is only exposed to the east of the
Ohariu Fault; it is buried by colluvium deposits on the
western side of the fault. The corresponding shore platform is
not expansive enough to determine a shoreline angle elevation.
Instead, a spot elevation of 82.7 + 3 m provides a minimum uplift
rate of 0.5 = 0.1 mm/yr on this eastern side of the Ohariu Fault
since 196 ka.

4.3 Baring Head

There are six late Pleistocene terraces preserved at Baring Head;
the youngest three correlate to MIS 5a, MIS 5e and MIS 7a (Figure 2)
with OSL dating constraining the ages of the youngest and oldest of
these. The terraces are dissected by the Baring Head Fault, the
Wainuiomata River, and the East River Fault. Due to the potential
tectonic deformation of the shore platforms by the two faults, shore
platform orientation calculations were considered separately west of
the Baring Head Fault, between the Baring Head and East River
fault, and east of East River Fault.

There were too few elevation measurements to calculate a shore
platform attitude and shoreline angle elevation for the inferred MIS
5e terrace preserved to the west of Baring Head Fault; we have
instead used a surveyed shore platform spot elevation of 79.1 £ 3 m
to calculate a minimum uplift rate of 1.1 + 0.1 mm/yr for the last
82 ka yr. In order to quantify uplift across the Baring Head Fault, we
use a shore platform elevation surveyed directly on the other side of
the fault, of 66.2 + 3 m; this yields a minimum uplift rate of 0.9 +
0.1 mm/yr for this downthrown side of the fault. The difference
between the uplift rates calculated for either side of the Baring Head
Fault suggest that this structure has a vertical slip rate of ~0.2 mm/yr
at this location since 82 ka.
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Between the Baring Head Fault and the East River Fault, a
shore platform attitude of 136/3.0 SW was calculated for the MIS
5a terrace. Here, two profiles were constructed to determine
shoreline angle elevations. Results from both profiles were
consistent, providing values of 82.8 + 4.7 m and 89.8 + 4.7 m.
From these elevations we calculate uplift rates of 1.1 + 0.2 mm/yr
and 1.2 + 0.2 mm/yr, respectively, for the MIS 5a terrace between
the Baring Head Fault and the East River Fault since 82 ka. To
quantify vertical displacement across the East River Fault that
offsets the MIS 5a terrace, we used a surveyed elevation
measurement from either side of the fault. To the west and on
the downthrown side of the fault, from a shore platform exposure
at 108.5 £ 3 m, we have calculated a minimum uplift rate of 1.5 +
0.2 mm/yr. To the east of the fault, a minimum uplift rate of 1.6 +
0.2 mm/yr was calculated from a shore platform elevation
measurement of 120.5m + 3; this gives a vertical slip rate on
the East River Fault of ~0.1 mm/yr for the last 82 ka. Because
these uplift rates were calculated from points ~300-350 m on
either side of the fault, and in combination with the shore
platform tilting to the west and the fault uplifting the eastern
side, we consider this slip rate to be a maximum.

A narrow strip (~100 m at its widest point) of the inferred MIS
5e terrace is preserved at Baring Head, between the Baring Head
Fault and the East River Fault. Because this shore platform was not
expansive enough to collect many elevation data points from which
to calculate its attitude, we have not reconstructed a corresponding
shoreline elevation. We have instead used a spot elevation surveyed
directly from a shore platform exposure at the rear of the terrace,
near to (<20 m from) where we anticipate the shoreline angle to be
located. The elevation here is 95.8 + 3 m, which yields a minimum
uplift rate of 0.7 + 0.1 mm/yr since 123 ka.

Similarly, the limited size of what remains of the inferred MIS 7a
terrace at Baring Head, coupled with the limited elevation data
available from exposures of this shore platform, did not warrant a
calculation of its attitude. Instead, we use a shore platform spot
elevation to the west of East River Fault of 173.6 m + 3 m to calculate
a minimum uplift rate of 1.0 £ 0.1 mm/yr at this location since
196 ka.

4.4 Wharekauhau

One terrace is preserved along the coast between
Wharekauhau and Lake Onoke (Figure 2). The available OSL
data, obtained from marine deposits overlying this shore
platform, range in ages which correspond to all the main
highstands of MIS 5 (Schermer et al., 2009), through to MIS
7a (Ninis et al., 2022); this has been interpreted by Ninis et al.
(2022) to indicate that this shore platform was occupied by the
sea during all of these highstands. The orientation of the shore
platform along this stretch of coast has been calculated as 132/
0.2° SW. Two profiles were constructed across this terrace,
providing two shoreline angle elevations of 17.9 + 3.0 m and
15.5 £ 3.0 m. These yield uplift rates of 0.2 + 0.1 mm/yr and 0.1 +
0.1 mm/yr, respectively, for this site since 196 ka.
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4.5 Lake Ferry—Te Kopi

The main coastal terrace preserved between Lake Ferry and
Te Kopi has been identified as MIS 5¢ in age. The terrace is offset
by ~3 m west-side-up near Whangaimoana Beach, most likely by
the coastal extension of the Pirinoa Fault, which has been
mapped further inland (e.g., Begg and Johnston, 2000; Ninis
et al., 2022). As such, the orientation of the shore platform and
elevation of the shoreline angle were calculated separately for
either side of this fault.

West of the Pirinoa Fault, the shore platform has a calculated
orientation of 156/0.7° W. One profile was constructed at the
western extent of this shore platform, near Lake Ferry, and the
shoreline angle on this profile was located at an elevation of 61.1 +
0.1 m. This yields an uplift rate of 0.8 + 0.1 mm/yr since 96 ka. Close
to the Pirinoa Fault, uplift rates determined from surveyed shore
platform elevations of 41.1 + 3 m on the western, upthrown side
yields a minimum uplift rate of 0.5 + 0.1 mm/yr; to the immediate
east of the fault, a shore platform elevation of 39.1 + 3 also yields a
minimum uplift rate of 0.5 + 0.1 mm/yr. Although not significantly
contributing to a difference in uplift on either side of it, the Pirinoa
Fault is likely responsible for the slight change in dip and dip
direction of the shore platform, which to the east of the fault is 028/
0.6° W. A profile constructed near Te Kopi, at the eastern end of this
area, gives a shoreline angle elevation of 94.9 + 0.4 m. This elevation
yields an uplift rate of 1.1 + 0.1 mm/yr for the last 96 ka.

4.6 Washpool/Whatarangi

The age of the main marine terrace at Washpool/Whatarangi
has been constrained as MIS 5a. At the southern end of the site, a
higher terrace is preserved locally along the coast; this terrace then
curves inland and is preserved behind the expansive MIS 5a terrace.

The orientation of the MIS 5a shore platform at Washpool/
Whatarangi has been calculated as 024/1.5 W. Two profiles were
constructed at this site, with the shoreline angle elevations
determined from these yielding values of 92.1 + 0.7 m and 89.9 +
0.7 m. These produce uplift rates of 1.3 + 0.2 mm/yr and 1.2 *
0.2 mm/yr, respectively, for the last 82 ka.

The higher terrace preserved along the coast at Washpool/
Whatarangi has been inferred to be MIS 5e in age, based on the
shore platform and terrace tread elevations, which in the field appear to
be approximately consistent with those of the dated MIS 5e terrace
preserved further southeast, between Te Humenga Point and Cape
Palliser (Ninis et al, 2022). There were too few shore platform
exposures for the MIS 5e terrace preserved locally at Washpool/
Whatarangi from which to calculate a shore platform orientation
and shoreline angle elevation for the inferred MIS 5e terrace
preserved here. Instead, we use a surveyed shore platform elevation
of 114.0 + 3.0 m to calculate a minimum uplift rate from this terrace of
0.9 + 0.1 mm/yr. If the inferred age for this terrace of MIS 5e is incorrect,
and this terrace is instead MIS 5c in age, then the calculated uplift rate
would be 1.3 + 0.1 mm/yr, which is within error of the rates calculated
from the dated MIS 5a terrace at this site.
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Dislocation modelling results of uplift from 5.3 mm/yr of dip-slip motion on the Palliser-Kaiwhata Fault with a listric geometry and assuming a T, of
40 km (Model 1in Table 3). This modelled fault dips 40° NW between the surface and 2 km vertical depth, 30° NW between 2 km and 6 km depth, and 20°
NW between 6 km depth and 23 km. (A) Hillshaded topography, major onshore and offshore fault zones and mapped marine terrace treads (coloured by
terrace age) in the area of our modelled profile. (B) Modelled and observed uplift along the profile. Dashed lines show modelled uplift and coloured
squares show observed uplift; both modelled and observed uplift are colour-coded by age. (C) Modelled fault geometry and depth to the Hikurangi

Subduction interface along our profile.

4.7 Te Humenga Point—Cape Palliser

There is one main terrace preserved between Te Humenga
Point and Cape Palliser (Figure 2), which has been shown to be
MIS 5e. Due to the
discontinuously preserved (~10km along the coast), we
analysed the elevation data at Te Humenga Point and Ngawi
separately, to assess whether the shore platform attitude is
consistent between these locations. Where it is preserved at Te

distance over which this terrace is

Humenga Point, the shore platform has a calculated orientation
of 167/2.5W. The calculation of the orientation of the shore
platform at Ngawi yielded a similar result of 173/2.9 W.

Five shoreline angle elevations were calculated for the Te
Humenga Point-Cape Palliser terrace, two from Te Humenga
Point, two from Ngawi, and one profile in between (Figure 5).
The two profiles constructed at Te Humenga Point give consistent
shoreline angle elevations of 193.4 + 2.0 m and 195.9 + 2.0 m. These
shoreline angle elevations yield an uplift rate of 1.5 + 0.1 mm/yr for
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the last 123 ka yr at this location. At Ngawi, the two calculated
shoreline angle elevations were again consistent, yielding values of
213.6 + 8.3 m and 211.1 + 8.3 m, providing an uplift rate of 1.7 +
0.1 mm/yr. The profile constructed in between the Te Humenga
Point and Ngawi sites provides a shoreline angle elevation of 198.3 +
8.3 m and a corresponding uplift rate of 1.6 + 0.1 mm/yr.

4.8 Dislocation and flexural-isostatic
modelling

Although we estimate uplift rates due to four separate processes
(slip on upper-plate faults, subduction of the buoyant Hikurangi
the and sediment
underplating), most of the estimates are in the form of simple

Plateau, subduction earthquake cycle
calculations rather than formal modelling. We therefore present
only the results of our dislocation and flexural-isostatic upper-plate

fault models here, leaving the estimates of uplift due to other
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processes until the Discussion (Section 5.2). Hereafter, discussion of
uplift due to slip on upper-plate faults refers to the coupled results of
our elastic dislocation and flexural-isostatic models.

Modelling of uplift from slip on upper-plate faults shows that it
is possible to achieve a good fit with observed terrace uplift and
uplift rates, but results exhibit a strong dependence on fault
geometry. Uplift from 5.3 mm/yr of dip-slip motion on a
modelled Palliser-Kaiwhata Fault with a listric geometry and
assuming a T, of 40 km is shown (Figure 7). This modelled
fault dips 40° NW between the surface and 2 km vertical depth,
30° NW between 2 km and 6 km depth, and 20° NW between 6 km
depth and 23 km (Table 3), where it reaches the subduction
interface of Williams et al. (2013). If a T, of either 40 or
100 km and a listric geometry are assumed, it is possible to fit
observed uplift with acceptable RMS misfits of 19-24 m for a wide
range of models (Table 2). This RMS misfit is dominated by the
differences between modelled and observed uplift for the MIS 5e
terrace at Te Humenga Point and Ngawi. The uplift at these two
sites is very similar (188.7 + 3.8 m at Te Humenga Point compared
with 206.4 + 10.1 m at Ngawi) despite the ~9 km distance between
these sites. We were unable to fit the uplift at both these sites using
a wide range of models (including many that are not reported
here); it is possible that local minor faulting and folding or some
other process influences observed uplift at Ngawi or Te Humenga
Point. Based on visual inspection of Figure 7 and Supplementary
Figures SC1-29, we consider an RMS value <30 m to represent an
adequate fit to uplift observations.

Models that assume a listric geometry but a T, of 15km
generally have a poorer fit to the observed uplift. However, it is
possible to obtain better (<30 m) RMS misfits for these models if a
regional uplift rate of 0.4 mm/yr is assumed. Similarly, for our
models that assume a planar geometry for the Palliser-Kaiwhata
Fault, the fit is generally much worse than for the modelled listric
geometry, but an adequate fit can be achieved (Model 26;
Supplementary Figure SC25) if a regional uplift rate of 0.6 mm/yr
is assumed. These results show that a higher modelled regional uplift
rate can improve the fit of the model to observations. However, the
fit is still poorer than models that assume a listric fault geometry and
a T, of 40 or 100 km. These regional uplift rate values are
determined by trial and error, but are consistent with estimates
from Litchfield et al. (2007).

A “minimum upper-plate fault” model, with a planar Palliser-
Kaiwhata Fault that dips 40° NW between the surface and 18 km
matches uplift at Ngawi with 5.3 mm/yr of dip-slip motion if T, is
15km (3.7 mm/yr dip-slip if T, is 40 km). However, this model
predicts significantly lower terrace uplift farther northwest; for a
planar, 40°-dipping fault, processes other than upper-plate faulting
would be required to explain terrace elevations between Te
Humenga Point and Wharekauhau.

Our preferred Wairarapa-Wharekauhau fault system model
(Supplementary Table SD1; Figure 8) shows that it is possible for
slip on that fault to drive uplift of 0.35 mm/yr at Tongue Point,
across both sides of the Ohariu Fault. Assuming the geometry taken
from Henrys et al. (2013) and a T, of 40 km, this uplift rate can be
matched through a modelled dip-slip rate of 2-3 mm/yr on the
Wairarapa-Wharekauhau fault system. These slip rates predict uplift
rates of ~1-1.5mm/yr at Baring Head, which is similar to our
observed uplift rate estimates for Baring Head (Table 1).
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In many of the figures showing our model results, the modelled
uplift (or subsidence) is not zero at the edge of the figure. This is a
consequence of our use of flexural-isostatic models, for which the
subsidence in response to an imposed topographic load can be in the
order of 10s or 100s of km. We include a profile showing modelled
vertical motions over a much longer wavelength in the
Supplementary Figure SB1 to show that modelled vertical

motions do tend to zero in the far field.

5 Discussion

5.1 Uplift rates and tilting of the Wellington
south coast terraces

Uplift rates along the Wellington south coast, between Cape
Palliser and Wharekauhau, gradually decrease from east to west
(Figures 6, 7, 9), despite the fact that rates have been determined
from different-aged terraces. The uplift rate calculated from the
MIS 5e terrace near Cape Palliser, the eastern-most preserved
terrace on the Wellington south coast and the closest to the
Hikurangi Trough, is 1.7 + 0.1 mm/yr, decreasing slightly to 1.5 +
0.1 mm/yr at Te Humenga Point. This terrace is tilted by 2.5°-2.9°
towards the west. At Washpool, the uplift rate determined from
the younger MIS 5a terrace preserved locally is 1.3 + 0.2 mm/yr;
this terrace is tilted less than the nearby older terraces, with a dip
of 1.5" towards the west. This is consistent with what we would
expect-that the older terraces, being exposed to tectonic
deformation over a longer period of time, are more tilted than
the younger terraces. A comparison of the degree of tilting of
these two different-aged shore platforms over time provides us
with a tilt rate of ~0.02°/ka. Uplift determined from the MIS 5¢
terrace preserved along the coast at Te Kopi yields a rate of 1.0 +
0.1 mm/yr; to the west near Lake Ferry, this terrace has been
uplifted by 0.8 £ 0.1 mm/yr (Figure 6). Despite being older than
the MIS 5a terrace preserved at Washpool, the MIS5c terrace
between Te Kopi and Lake Ferry is only tilted by 0.6°-0.7° to the
west. At Wharekauhau, uplift determined from the MIS 7a
terrace yields a rate of 0.2 + 0.1 mm/yr. Despite this terrace
being the oldest along this length of coast, it is tilted the least,
with a calculated dip of only 0.2° towards the southwest. With
such a shallow dip in a direction towards the coast, it may be that
this shore platform still maintains much of its original, formative
gradient, despite being located near to the Wairarapa and
Wharekauhau Thrust faults.

Although our uplift calculations yield results similar to earlier
estimates by Ghani (1974; 1978) for Cape Palliser, and are within
error of his estimates at Lake Ferry, our uplift evaluation for
Wharekauhau is much less than the 1.0 mm/yr reported by
Ghani (1974; 1978). This is likely due to the additional three
terraces Ghani (1974; 1978) allocated to this site, which Ninis
et al. (2022) interpreted as a series of fan deposits that give the
appearance of additional older terrace treads.

West of Palliser Bay, at a distance of ~70-100 km from the
Hikurangi Trough, marine terrace elevations are visibly influenced
by upper-plate faults (Figures 6, 8, 9). Uplift rates calculated from
the marine terraces preserved on either side of the Wairarapa-
Wharekauhau fault system, at Wharekauhau and Baring Head
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Dislocation modelling results of uplift from 2 mm/yr slip on a listric Wairarapa-Wharekauhau fault system—selected to mimic the geometry inferred
by Henrys et al. (2013) further north—and assuming a T, of 40 km. The modelled fault system dips 45° W between the surface and 5 km vertical depth; 40°
between 5and 10 km depth; 30° from 10 to 15 km depth; and 20° to 20 km depth. The fault then steepens, dipping at 35° W to 30 km depth. (A) Hillshaded
topography, major onshore and offshore fault zones and mapped marine terrace treads (coloured by terrace age) in the area of our modelled profile.
(B) Modelled and observed uplift along the profile. Dashed lines show modelled uplift and coloured squares show observed uplift; both modelled and
observed uplift are colour-coded by age. (C) Modelled fault geometry and depth to the Hikurangi Subduction interface along our profile. Note 2x vertical

exaggeration.

(Figure 6), provide an estimate of vertical slip on this structure of
~1.4 mm/yr. This is a minimum value; uplift quantified from sites
closer to the fault system would yield an even higher uplift rate. At
Baring Head, vertical offsets are also observed, albeit to a lesser
extent, across the Baring Head and East River faults which cut the
marine terraces. The closest late Pleistocene shore platform exposure
to the west of the Wairarapa-Wharekauhau fault system, which is
MIS 5a in age, yields a minimum uplift rate of 1.6 + 0.2 mm/yr. This
is higher than that estimated by Ota et al. (1981) who inferred an age
of MIS 5e for this terrace, and also slightly higher than the Holocene
uplift rate of ~1.3 mm/yr estimated for this location by Begg and
McSaveney (2005). The uplift rates calculated from the MIS 5a, MIS
5e and MIS 7a shore platforms where they are preserved between the
Baring Head and East River faults are inconsistent across the
different time periods, yielding values of 1.2 + 0.2 mm/yr since
82ka, 0.7 £ 0.1 mm/yr since 123 ka, and 1.0 = 0.1 mm/yr since
196 ka. Some factors which could explain this variability include 1)
alternating periods of activity and quiescence on the nearby
Wairarapa Fault, much like that reported on the Wellington
Fault (Robinson et al., 2011; Ninis et al, 2013), 2) a complex
interaction between overall uplift at the Baring Head site due to
slip on the Wairarapa Fault, and localised down-throwing as a result
of slip on the Baring Head and East River faults, and 3) the
competing  vertical processes

displacement resulting  from
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coseismic subsidence from megathrust earthquakes (Clark et al,
2015) and possible localised uplift from sediment underplating at
the subduction interface beneath this region (Henrys et al., 2013).

When comparing uplift rates calculated from either side of the
Ohariu Fault at our westernmost field site at Tongue Point
(Figure 6), it is evident that movement on this structure has
vertically displaced the locally preserved marine terraces. The
calculated uplift rates for the MIS 5e terrace preserved on the
western, upthrown side of the Ohariu Fault is 0.6 + 0.1 mm/yr,
equivalent to that estimated by Ota et al. (1981). This rate is higher
than that calculated from the younger terrace preserved beneath it,
irrespective of whether the younger terrace formed during MIS 5a or
5¢, both of which yield an uplift rate of 0.3 + 0.1 mm/yr. On the
eastern and downthrown side of the Ohariu Fault, the uplift rate
calculated from the youngest Pleistocene terrace - 0.2 + 0.1 mm/yr -
is within error of that calculated from MIS 5e, irrespective of
whether the younger terrace is MIS 5a or 5c¢ in age. The
minimum uplift rate calculated from the MIS 7a terrace on this
same side of the fault is slightly higher, at 0.5 + 0.1 mm/yr. Though
the Ohariu Fault has vertically offset the marine terraces at Tongue
Point, both sides of the fault are uplifted by a mean rate of
~0.35 mm/yr since 123 ka. The manifestation of uplift at this site
during the last ~123 ka likely reflects a complex interaction of factors
in addition to deformation by the Ohariu Fault, which potentially
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Schematic cross Section X-X'-X" (see Figure 2 for location of profile) across the Wellington south coast, showing representative topography
(vertically exaggerated), calculated uplift rates and locations of major faults and those observed to offset the late Pleistocene marine terraces; "BH F" is

Baring Head Fault, “ER F" is East River Fault. Locations from west to east:

TP, Tongue Point; BH, Baring Head; WH, Wharekauhau; LF, Lake Ferry; WW,

Washpool/Whatarangi; THP, Te Humenga Point; N, Ngawi. Figure modified after Little et al. (2009) and updated using subsurface data from Begg

and Johnston (2000), Henrys et al. (2013), Williams et al. (2013) and this

also shows alternating periods of activity and then relative
quiescence. As the late Pleistocene marine terraces preserved on
the downthrown sides of the faults at both Baring Head and Tongue
Point have been elevated relative to sea level, some other process, or
processes, must be contributing to the broader uplift across this
region.

5.2 Upper-bound contributions to late
Pleistocene uplift

Several processes may contribute to late Pleistocene uplift of the
Wellington south coast. It is likely that slip on upper-plate faults is a
major contributor to uplift, and possible that Hikurangi Plateau
buoyancy, the
underplating also contribute in some areas. We here discuss the

subduction earthquake cycle and sediment

likely upper bounds on the contribution to uplift from each process,
and whether the contribution of each is on the order of mm/yr,
or less.

5.2.1 Slip on upper-plate faults

The dislocation modelling results (Figure 7; Figure 8) indicate
that slip on upper-plate faults is likely a major contributor to the late
Pleistocene uplift observed along the Wellington south coast. Even
when making very conservative assumptions about fault geometry,
slip rate and T, our models of slip on the Palliser-Kaiwhata Fault
and the Wairarapa-Wharekauhau fault system predict >1 mm/yr of
uplift both Ngawi and Baring Head, respectively,
contributing >50% of uplift at both of these sites. Models relying

at

on less conservative assumptions that are nevertheless consistent
with available data (Figure 7; Figure 8) suggest that slip on upper-
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plate faults may also be the dominant contributor ->80% of long-
wavelength uplift- to late Pleistocene uplift everywhere in our
study area.

The model of slip on the Palliser-Kaiwhata Fault (Figure 7)
requires a relatively high slip rate to match observed terrace
elevations. If we convert the dip-slip rate of 5.3 mm/yr required
by this model to a full slip rate by assuming the best estimate of rake
(135°—NZ CFM, Seebeck et al., 2022), the slip rate required by this
model is 7.5 mm/yr. This is slightly higher than the 5 + 2 mm/yr slip
rate specified for the Palliser-Kaiwhata Fault in the NZ CFM
(Seebeck et al., 2022). However, the reported slip rate is derived
from Pleistocene marine terrace uplift (Litchfield et al., 2014) and
does not account for flexural or isostatic effects, which may explain
why it is slightly lower than our modelled rate. A better comparison
is with the slip rate of the dextral strike-slip Boo Boo Fault to the
immediate west of the Palliser-Kaiwhata Fault (Figure 2), which is
well constrained at 8.3 + 1.2 mm/yr and is not derived from terrace
elevations, but rather on the measured offset of seafloor geomorphic
features (Wallace et al., 2012; Seebeck et al., 2022). Despite their
different orientations, both the Boo Boo and Palliser-Kaiwhata faults
accommodate east-west shortening and probably have a similar
horizontal azimuth of slip vector. Due to an absence of other fast-
slipping faults nearby, it is likely that most of the slip rate of the Boo
Boo Fault is transferred onto the Palliser-Kaiwhata Fault, in which
case 7.5 mm/yr is a plausible slip rate for the Palliser-Kaiwhata Fault.
If a T, of 15 km is assumed, the required full slip rate is 9.9 mm/yr;
this is probably unrealistically high and would require processes
other than slip on the Palliser-Kaiwhata Fault to explain observed
terrace uplift.

The slip rates above are calculated based on an assumption that
processes other than slip on the Palliser-Kaiwhata Fault do not
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contribute to uplift along the transect of interest. If the aggregated
effect of other processes—such as subduction of a buoyant
Hikurangi Plateau, the subduction earthquake cycle and sediment
underplating—is included in the form of a regional uplift rate, the
dip-slip rate required to match terrace uplift is significantly reduced.
For example, Model 7 (Table 2; Supplementary Figure SC6) includes
a regional uplift rate of 0.4 mm/yr and achieves an adequate fit to
observed uplift with a dip-slip of 3.8 mm/yr (oblique slip of 5.4 mm/
yr). We discuss the processes that could contribute to regional uplift
below, but the magnitude of their contribution to uplift remains
poorly constrained, in turn making it difficult to constrain the slip
rate of the Palliser-Kaiwhata Fault. In the absence of better data, we
suggest that the NZ CFM slip rate could be adjusted to 6 +3/-2 mm/
yr to reflect these uncertainties and the results of our modelling.

For our modelled Wairarapa-Wharekauhau fault system,
independent of the value we assume for T, a dip-slip rate of
2 mm/yr is required to match the observed uplift rate at Tongue
Point of 0.35 mm/yr since ~123 ka; this is consistent with the 2.5 +
1 mm/yr dip-slip quoted for this fault in the NZ CFM. We note that
although our modelled listric geometry is based on the
interpretation of Henrys et al. (2013), theirs is not the only
geometry consistent with available data. Based on our modelling,
it is plausible that slip on this fault system could uplift both sides of
the Ohariu Fault. This accords with observations from the 1855 M,,
8.2 Wairarapa earthquake (Darby and Beanland, 1992), where uplift
at Tongue Point was documented at between 0.3 m and <2 m, and
suggests that the previous inference of rupture on the subduction
interface at depth during this earthquake is not required to explain
the co-seismic uplift at Tongue Point.

5.2.2 Hikurangi Plateau buoyancy

Subduction of the buoyant crust of the Hikurangi Plateau has
previously been suggested as a significant contributor to uplift across
the southern North Island (Litchfield et al., 2007). We here estimate
a maximum value for the isostatic component of this contribution.
The subducted crust of the plateau appears to thicken from
9.5-10 km beneath the Wanganui Basin (Tozer et al, 2017) to
~12km at the Hikurangi Trough (Herath et al, 2020). To
account for the uncertainties in these estimates, we assume a
maximum of 4km (linear) increase in thickness over the
~150 km between the Wanganui Basin and the trough, so that
the thickness of the plateau increases by ~27 m every kilometre
towards the trough. If we assume a dip-slip rate for the subduction
interface of 30 mm/yr (a likely maximum based on results from
Wallace et al., 2012) and ignore the dip of the subduction interface
(assuming a dip of 0" instead of 20° affects results by <5%), it follows
that beneath the southern North Island, the rate of thickening of the
subducting Hikurangi Plateau is ~0.8 mm/yr at any given locality.
We assume that the thicker crust is supported isostatically, because
the ~500-1,000 km width of the Hikurangi Plateau is too long for
flexural support by the upper mantle to be significant. Assuming
Airy isostasy, a density of plateau crust p. of 2,750 kgm™ and a
mantle density p,, of 3,300 kg m >, we calculate a maximum uplift
rate of 0.16 mm/yr associated with this buoyancy, at least in terms of
direct isostatic support. This rate is similar to the ~0.15 mm/yr uplift
rate at our Wharekauhau site, suggesting that the buoyancy of the
down-going plate may have a significant influence on uplift rates in
places where the contribution from upper-plate faults is relatively
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small. However, Wharekauhau is in the immediate footwall of the
Wharekauhau Thrust Fault, so that further contributions to
uplift—from sources other than plateau buoyancy—may be
required to overcome footwall subsidence at that site.

The maximum uplift rate above is lower than the uplift rates
associated with subduction of the Hikurangi Plateau modelled by
Litchfield et al. (2007), who estimated rates lower than 1 mm/yr
but often >0.4 mm/yr. There are at least two reasons for this
difference. First, their study (which covered the whole Hikurangi
Margin) used a convergence rate of 45 mm/yr to calculate uplift
rates, while we used a value of 30 mm/yr that is more appropriate
for our study area. Second, the two models implicitly include
different processes; the Litchfield et al. (2007) estimate includes
secondary processes, such as upper-plate faulting and
sedimentary underplating, which we explicitly treat as separate

contributors to uplift in this study.

5.2.3 The earthquake cycle on the Hikurangi
subduction interface

It is widely suggested that some part of the subduction interface
earthquake cycle may cause permanent vertical deformation of the
overriding plate and thereby contribute to marine terrace uplift (e.g.,
Briggs et al., 2008; Wesson et al., 2015; Melnick, 2016; Jolivet et al.,
2020). However, a significant proportion of any coseismic uplift is
typically recovered by subsidence during the interseismic period
(Figure 3), like that currently observed in our study area (Hamling
et al.,, 2022). The net uplift associated with each earthquake cycle is
therefore expected to be significantly less than coseismic and/or
postseismic uplift during that cycle. In Sumatra, Briggs et al. (2008)
estimated that <4% of coseismic uplift was preserved permanently.
In Chile, Wesson et al. (2015) suggested that 10%-20% of uplift over
a seismic cycle is preserved in the long term. Here, we estimate
maximum long-term uplift rates due to subduction earthquakes at
two sites, to determine whether the behaviour of the Hikurangi
Margin is similar to those other subduction zones.

Tongue Point is the most suitable site from which to estimate
uplift due to the subduction interface earthquake cycle, because
although the terraces preserved there are offset by slip on the Ohariu
Fault, both sides of the fault have been uplifted, presumably from
some combination of slip on other upper-plate faults, subduction of
the buoyant Hikurangi Plateau, permanent deformation due to
subduction earthquakes, and sediment underplating. There is no
clear evidence for any processes that promote long-term subsidence
in this region; consequently, we can estimate a maximum
subduction earthquake contribution to the observed ~0.35 mm/yr
uplift at Tongue Point by neglecting all drivers other than
subduction earthquakes. Note that this value is clearly a
maximum because it neglects the possible contribution of slip on
the Wairarapa-Wharekauhau fault system, which could plausibly
explain all of this uplift.

To estimate the vertical component of slip on the subduction
interface, we assume a margin-normal rate of ~25mm/yr
(Wallace et al, 2012) and a change in dip immediately
beneath Tongue Point to 15° (Williams et al., 2013); using
these values gives a vertical slip rate of 6.5mm/yr. More
details of our modelling strategy (which involves simple
geometric calculations rather than elastic dislocation models)
are found in the Supplementary Section SB. Our calculated
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maximum uplift rate contribution from subduction earthquakes
of ~0.35 mm/yr is 5.4% of this, indicating that the vast majority of
coseismic uplift is recovered interseismically. We note that our
value of 6.5 mm/yr for the vertical component of slip on the
subduction interface is probably an overestimate, since it
comprises the total of footwall subsidence and hanging-wall
uplift during subduction earthquakes. However, hanging-wall
uplift will be at least twice as great as footwall subsidence.
Conservatively, we conclude that at Tongue Point, <10% of
coseismic and postseismic uplift associated with subduction
earthquakes is preserved as permanent uplift. This percentage
is similar to those calculated from Sumatra and Chile (Briggs
et al., 2008; Wesson et al., 2015), suggesting that buoyancy of the
Hikurangi Plateau does not necessarily enhance uplift due to
subduction earthquakes.

It is possible to perform a similar calculation at Wharekauhau,
where we infer an uplift rate of 0.16 mm/yr over the past 196 ka. If
this uplift rate is assumed to be entirely due to subduction
earthquakes, it would equate to 4.6% of the vertical component
of slip on the subduction interface (again assuming a dip-slip rate of
25 mm/yr, but a dip of 8" for the subduction interface beneath
Wharekauhau). However, this percentage is a less reliable maximum
than at Tongue Point; Wharekauhau lies in the immediate footwall
of the Wharekauhau Thrust Fault, so that footwall subsidence may
counteract long-term uplift due to subduction earthquakes and
other processes. Nevertheless, based on our dislocation
modelling, we suggest that any footwall subsidence is almost
certainly less than 0.4 mm/yr. An uplift rate due to subduction
earthquakes at Wharekauhau of 0.56 mm/yr—0.4 mm/yr to
counteract footwall subsidence and 0.16 mm/yr of long-term
uplift—would equate to permanent preservation of ~16% of
vertical displacement due to subduction earthquakes.

The calculations presented above do not discount subduction
earthquakes as a significant contributor to late Pleistocene uplift (up
to ~0.35 mm/yr maximum at Tongue Point), although equally
subduction earthquakes are not required to explain observed
terrace uplift. However, if <10% of uplift due to subduction
earthquakes is permanent, there are important implications for
Holocene marine terrace formation as a recorder of past
subduction earthquakes. For example, for a subduction
earthquake that caused 2m of combined coseismic and
postseismic uplift, less than 0.2m of that uplift would be
preserved permanently. In some settings, this small amount of
permanent uplift might be insufficient to form a distinct
Holocene marine terrace, reducing the likelihood of a complete

subduction earthquake record.

5.2.4 Sediment underplating

If sediment underplating is treated as a wholly separate
process from upper-plate faulting, the same arguments apply
to its contribution to uplift as for permanent deformation
associated with subduction earthquakes. The maximum uplift
rate due to sediment underplating at Tongue Point—estimated
by neglecting uplift due to other processes—would be ~0.4 mm/
yr and potentially much lower. Since slip on the Wharekauhau
Thrust Fault can explain uplift at Baring Head, significant uplift
due to underplating would not be required there either.
However, the inferred Wairarapa Fault geometry of Henrys
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(2013) with their
underplating at depth. If some (presently unknown) processes

et al intersects region of inferred
links underplating at depth with slip on the Wairarapa Fault,
then it may not be appropriate to consider underplating and slip
on upper-plate faults as separate processes. Better constraints on
fault geometry and more detailed modelling than we present
here are required to explore the relative roles of sediment
underplating and upper-plate fault slip. We note that
episodes of sediment underplating may occur over longer
than the ~200 kyr considered here (e.g.,
Mouslopoulou al.,  2016), but wunderplating may

nevertheless contribute to uplift over our timescale of interest.

timescales
et

5.3 Influence of flexural-isostasy
compensation on fault slip rates constrained
by modelling of terrace uplift

During our modelling of slip on the Palliser-Kaiwhata Fault
(Figure 7; Table 2 and Supplementary Sections SC, SD), we
attempted to fit observed uplift by varying fault slip rate, making
different assumptions about elastic thickness T,. An acceptable fit to
the data was achieved for T, values of 100, 40 and 15 km, but the slip
rate required to match uplift was much higher for lower (but
plausible) T, values. This result is unsurprising, since a lower T,
means less flexural support of topography, with more fault slip
required to uplift a terrace to the observed elevations. For the
example of an otherwise identical pair of models, the dip-slip
rate required to match observed uplift assuming our preferred T,
of 40 km (5.3 mm/yr; Model 1, Figure 7) is 18% greater than when a
very high T, of 100 km is assumed (4.5 mm/yr for Model 12,
Supplementary Figure SCI1). The magnitude of the difference
varies depending on model parameters such as regional uplift
rate, but the required slip rate is typically ~15-25% higher if T,
is 40 km than if T, is 100 km. This effect is important because
flexural-isostatic effects are sometimes neglected in studies that use
terrace uplift to constrain fault slip rates (e.g., Jara-Mufoz et al.,
2022; Nicol et al., 2022). We acknowledge that it is often difficult to
constrain T,, but recommend that future studies consider the
possible impact of flexural-isostatic compensation on their
estimated slip rates and adjust their uncertainties where appropriate.

6 Conclusion

We have used shore platform elevation data and corresponding
attitudes to reconstruct the otherwise buried shoreline angle
elevations for the late Pleistocene marine terraces along the
Wellington south coast, North Island New Zealand. Together
with the age of formation of these shore platforms, uplift rates
have been calculated across this region-at the southern Hikurangi
subduction margin-since the late Pleistocene. In general, uplift rates
are highest closest to the Hikurangi Trough, with 1.7 + 0.1 mm/yr
observed at the easternmost preserved terraces, near Cape Palliser,
~50 km from the trough. Uplift rates decreases steadily along the
Palliser Bay coast to 0.2 + 0.1 mm/yr at Wharekauhau, ~70 km from
the Further the
distances >70 km, uplift rates increase again at Baring Head, on

trough. from Hikurangi Trough, at
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the upfaulted side of the Wairarapa-Wharekauhau fault system, to
between 0.7 + 0.1 and 1.6 + 0.2 mm/yr. At Tongue Point, west of
Wellington, uplift rates across the Ohariu Fault are 0.2 + 0.1 mm/yr
(downthown side) and 0.6 + 0.1 mm/yr (upthrown side) for the MIS
5e shore platform preserved there. The abrupt increases in uplift
rates across the major upper-plate faults suggest that movement on
these structures is a major contributor to tectonic uplift across this
region. Dislocation and flexural-isostatic modelling shows that slip
on faults within the overriding plate—specifically the Palliser-
Fault and the fault
system—may dominate uplift in their immediate hanging walls.

Kaiwhata Wairarapa-Wharekauhau
Depending on their slip rate and geometry, slip on these two upper-
plate fault systems could plausibly cause >80% of late Pleistocene
uplift along the entire length of the south coast of North Island; for
example, at Tongue Point, uplift of both sides of the Ohariu Fault by
~0.35 mm/yr may be due to slip on the Wairarapa-Wharekauhau
Fault System. Our modelling shows that subduction of the buoyant
Hikurangi Plateau contributes uplift of 0.16 mm/yr which is broadly
consistent with previous estimates. Earthquakes on the subduction
interface probably contribute <0.4 mm/yr of late Pleistocene uplift,
with <10% of uplift due to each earthquake being stored
permanently, similar to other subduction zones. Uplift rates due
to sediment underplating at Tongue Point and Wharekauhau are
likely <0.4 mm/yr but could be significantly lower. These results
highlight the complex processes driving uplift in subduction
settings, and demonstrate the important contribution upper-plate
faults can make to such uplift.
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