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ABSTRACT

In this study, we provide the first field-based assessment of the seismic potential of the Te
Puninga Fault, Hauraki Plains, Waikato region. Initially considered to be part of the nearby
Kerepehi Fault, our new mapping and field data suggest the Te Puninga Fault is
independent. A new net slip rate value of 0.25 mm/yr, based on geomorphic data and
evaluations from two paleoseismic trenches, is slightly higher than previously considered.
Comparisons of geomorphic expression between the two faults suggest that the slip rate
currently assigned to the Kerepehi Fault could be underestimated. The earthquake
magnitude estimated here for the Te Puninga Fault (M,, 6.9+0.35) is based on a
characteristic earthquake model. New PGA and MMI estimates here are only slightly larger
than those published prior to this study. Although ruptures of the Te Puninga Fault are
infrequent (derived recurrence range of 3000-11,500 years), and thus its hazard is low, with
this paper we wish to enhance the community awareness to prepare for the rare large
earthquake in the region. We also recommend that this new information is added to fault
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databases used for seismic assessment.

Introduction

New Zealand has several regions of low historical seis-
micity where the hazard of moderate to large (moment
magnitude, M,, > 5.0) earthquakes is thought to be low
(Stirling et al. 2012). However, events such as the
Mw?7.2 Darfield earthquake (Quigley et al. 2012)
demonstrate that low historic seismicity does not
necessarily equate to an absence of ground-surface
rupturing earthquakes that can significantly impact
surrounding communities. A particular challenge
with low seismicity areas is that the recurrence of
large earthquakes is infrequent, and therefore the sur-
face expression of faults can be obscured by other pro-
cesses such as sedimentation (where the fault scarp is
buried: e.g. Canterbury Plains, Christchurch, and
Tagus Basin, Portugal; Villamor et al. 2012; Cabral
et al. 2013) or erosion (removal of the scarp from
the landscape; e.g. central Southern Alps; Cox et al.
2012). These potential impacts can lead to the under-
estimation of the long-term deformation rates from
active faults in low seismicity areas. Geodetic tech-
niques are used worldwide to calculate short-term
strain rates that could sometimes be used instead of,
or in combination with, long-term rates from fault
slip data to inform the potential seismicity of an area

(e.g. Petersen et al. 2014; Van Dissen et al. 2023,
accepted). However, low seismicity regions often
need geodetic acquisition for a long time frame (dec-
ades) for the signal to be larger than the noise
(Niemi et al. 2004; Broermann et al. 2021).

The Hauraki Rift, a c. 250-km-long half graben
extending west of the Taupd Rift northward to the
Hauraki Gulf (Figure 1A), is an optimal low seismicity
region in which to study both long-term and short-
term deformation rates. With the recent widespread
acquisition and availability of high-resolution digital
topography from airborne light detection and ranging
(LiDAR), the ability to detect subtle landscape signa-
tures of active faults has significantly increased
(Meigs 2013). Therefore, we have new opportunities
to improve our understanding of long-term defor-
mation rates. In the present study, we use the Te
Puninga Fault, located on the western margin of the
Hauraki Plains within the rift, as an example of a
subtle active fault in a low seismicity region that has
only been recently discovered due to the availability
of LiDAR. The rift is also located far away from fast
deforming regions of the New Zealand plate bound-
ary, which is an advantage to properly interpret the
geodetic data models, given that residual unmodelled
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Figure 1. Tectonic setting of the Te Puninga Fault. A, The Hauraki Rift (dashed rectangular zone), regional active faults (red
lines, from the New Zealand Active Faults Database; KF, Kerepehi Fault; TPF, Te Puninga Fault), and recent seismicity (My, >4 earth-
quakes from 1952 to 2022, from Geonet, https://quakesearch.geonet.org.nz/). B, Detailed map of the Te Puninga Fault (blue,
orange and black lines), showing the locations of the two trenches investigated in this project, Ryland and Arnold, and the

two swathes where slip rate was calculated (yellow bands).

geodetic deformation from fast deformation adjacent
areas is commonly assigned to the low seismicity
zone (e.g. Southern Basin and Range US; Broermann
et al. 2021).

The extension rate of the Hauraki Rift is low at 1.15
+0.30 mm/yr (Pickle 2019), but it has significant
importance to national seismic hazard because of its
proximity to the major population centres of Hamil-
ton, Auckland, and Tauranga. Although the faults
bounding the rift are not currently active, a prominent
active fault, the Kerepehi Fault, is located within the
eastern half of the graben (Edbrooke 2001, 2005).
The Kerepehi Fault is an 80 km-long segmented nor-
mal fault with a slip rate of 0.008-0.4 mm/yr (Persaud
et al. 2016). The Te Puninga Fault is located on the

western side of the Hauraki Rift (Figure 1) and was
originally mapped as one segment of the Kerepehi
Fault. However, its distinctive structural character as
a zone of distributed faulting shows it should be
classified as a separate fault. Modelling of a My, 7.3
earthquake on a possible full rupture along the Kere-
pehi Fault showed strong to very strong shaking
(Modified Mercalli Intensity, MMI 6-7) in Hamilton
and Tauranga, along with severe shaking (MMI >8),
liquefaction, and likely flood defence damage near
source in the Hauraki Plains (Dempsey et al. 2021).
Also, recent spatial and temporal analysis of soft-sedi-
ment deformation structures within tephra layers in
extant lakes in the Hamilton Basin provided some evi-
dence that liquefaction of a sequence of tephras
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deposited between c. 17,500 and c. 14,000 cal yr BP
was triggered by a seismic source to the northeast,
namely the Te Puninga and/or Kerepehi faults (Kluger
et al. 2023). In comparison to the Kerepehi Fault, little
is known about the likely impacts of a Te Puninga
Fault earthquake. Gaining a better understanding of
the seismic potential of the Te Puninga Fault is an
important step in better constraining seismic hazard
for the wider Auckland-Hamilton urban areas, for
the local community and rural businesses in nearby
Morrinsville, for iwi and hapu with marae nearby,
and for local government agencies with roles in land
use planning and emergency management. It will
also help in understanding long-term extension rates
in the context of the tectonic models of the North
Island that will ultimately inform broader hazard esti-
mates. In this study, we present the first detailed map-
ping of the Te Puninga Fault, along with estimates of
slip rate and extension rate from landform ages and
topographic offsets, estimates of recurrence interval
of large earthquakes, and ground shaking modelling
from characteristic earthquakes on the fault.

Tectonic setting

The Te Puninga Fault is located on the western margin
of the Hauraki Rift, a NNW-SSE-oriented half-graben
extending from the Taupd Rift in the south to the
Hauraki Gulf in the north (Figure 1). The Hauraki
Rift is located in the back-arc of the Hikurangi sub-
duction zone and it has been active since 7-5 Ma
(Hochstein and Ballance 1993). As the subduction
margin migrated (Seebeck et al. 2014a), the focus of
back-arc rifting shifted to the Taup6 Rift at c. 2 Ma
(Seebeck et al. 2014b; Villamor et al. 2017). Based on
early gravity surveys, the basement rock is estimated
at up to 3 km depth with the rift infilled by Quaternary
and Neogene sediments (Hochstein and Nixon 1979).
Among the most recent sediments, the Hinuera For-
mation (broadly post 220 ka; Manville and Wilson
2004) is key to assessing the timing of fault activity
(see more below). Historical seismicity within and
proximal to the rift is sparse and generally <12 km
deep (Figure 1). Notable historical macroseismicity
has been summarised by Dempsey et al. (2021) and
includes the 1972 Myy 5.1 Te Aroha earthquake, a
shallow event that caused minor localised damage
(Adams et al. 1972); a pair of My 4.6 events in June
2002 at 5 km depth near the town of Matamata; a
brief seismic swarm in 2005 west of Te Aroha (largest
event My 3.9); and two moderate events that occurred
north of Matamata in November 2014, the largest
being My 3.9. More recently, in January-February
2023, two moderate events with a Myy of 5.1 and 4.8
occurred south of Te Aroha (https://www.geonet.org.
nz/earthquake).

NEW ZEALAND JOURNAL OF GEOLOGY AND GEOPHYSICS . 3

Active faulting in the Hauraki Plains

Using a LiDAR-derived digital elevation model
(DEM), Persaud et al. (2016) mapped numerous
fault traces of the Kerepehi Fault across the Hauraki
Plains. They also mapped several fault traces on the
western side of the Hauraki Rift with the opposing
sense of dip (NE dipping) to that of the Kerepehi
Fault (predominantly SW dipping). Persaud et al.
(2016) mapped six segments of the Kerepehi Fault,
with the western, NE-dipping fault traces forming
the “Te Puninga segment’. However, it was not clear
whether the Te Puninga segment is part of the Kere-
pehi Fault or if it is a separate fault. In this study we
redefine the ‘“Te Puninga segment’ as a separate fault
based upon new mapping and field data (presented
here). The Te Puninga and Kerepehi faults collectively
form the Kerepehi-Te Puninga fault system. The five
segments of the Kerepehi Fault are arranged in a
right-stepping geometry with segments of 10-43 km
in length, totalling 80 km. Based on the length of the
fault segments and using established scaling relations,
Persaud et al. (2016) estimated that the characteristic
earthquake magnitude for a single-segment rupture
on the Kerepehi Fault ranged from M, 5.5-7.0, and
up to M,, 7.2 or 7.4 in the case that all fault segments
ruptured together. Four of the five Kerepehi Fault seg-
ments displayed evidence of average recurrence inter-
vals of 5000-10,000 calendar (cal) years in
paleoseismic trenches excavated by Persaud et al.
(2016).

The Te Puninga Fault (Figure 1) was not discovered
prior to Persaud et al. (2016) because it consists of
many distributed fault strands most of which have
only low scarps (<3 m high). The existing aerial pho-
tography, originally used to map active faults across
the Hauraki Plains, did not have appropriate lighting
and contrast to distinguish the subtle scarps of the
Te Puninga Fault. Only the relatively high scarps of
the Kerepehi Fault had been identified prior to work
by Persaud et al. (2016). With the acquisition of
LiDAR data in 2007, the low scarps of the Te Puninga
Fault were identified, along with additional smaller
traces belonging to the Kerepehi Fault, which were
mapped by Persaud et al. (2016) at ~ 1:10,000 scale.
Since then, parts of the Te Puninga Fault have been
mapped at a regional scale (1:250,000 scale) by Leo-
nard et al. (2024) but high-resolution (1:2000-
1:5000) mapping to capture fault complexity and
interrogate differences between active fault scarps
and fluvial terrace risers (highlighted as an issue in
this area by Persaud et al. 2016) has not previously
been undertaken.

An initial fault assessment by Persaud et al. (2016)
suggested the Te Puninga Fault can produce earth-
quakes of Mw 6.7 or greater with shaking intensities
of MMI 9 + in Morrinsville and MMI 8 in Te Aroha.
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Preliminary characterisation of the Te Puninga Fault
in the New Zealand Community Fault Model (NZ
CEM; Seebeck et al. 2023) represented it as a single
fault trace with a length of 29 km and a slip rate of
0.16 mm/yr (range 0.1-0.3 mm/yr; based on compari-
son with the Kerepehi Fault). Although this initial
fault characterisation has been useful for inclusion in
the 2022 New Zealand National Seismic Hazard
Model (NZ NSHM; Gerstenberger et al. 2022), it is
limited by large uncertainties as it lacks on-fault
derived paleoseismic data on the Te Puninga Fault,
such as slip rate, co-seismic ground displacement,
recurrence interval, and the time since its last
seismic event.

Age of the Hinuera formation and Hinuera
surface in the Hauraki Plains

The Hinuera Formation infills much of the Hauraki
Plains and is comprised of up to 90 m of unconsoli-
dated secondary volcaniclastic alluvial sediments that
consist of rhyolitic quartzofeldspathic, ignimbritic,
and pumiceous gravelly sands, sandy gravels, and
sands, characterised by common cross-bedding, as
well as mud and occasional lenses of peat (Schofield
1965; Hume et al. 1975; Kear and Schofield 1978).
The volcaniclastic sediments, which infill much of
Hamilton Basin as well as the Hauraki Plains
(Edbrooke 2001, 2005; Leonard et al. 2010), were
deposited by the high-energy, sediment-laden ances-
tral Waikato River as a series of fluvial fans in four

main episodes that generated four general units,
namely Hinuera A, B, C, and D (Manville and Wilson
2004). In the Hauraki Basin, early deposits of Hinuera
A and B (pre-25,400 cal yr BP) lie deep within the
sequence. Also, present in the Hauraki basin, Hinuera
C was deposited more recently, during the extended
Last Glacial Maximum (Barrell et al. 2013) when sea
levels were c. 120 m lower than today, as a low-angle
fan. The surface of Hinuera C is referred to as the
Hinuera surface (Schofield 1965; Hume et al. 1975;
Edbrooke 2001) and has a mean gradient of only
1.8 m/km, effectively forming a wide, low-angle,
braided alluvial plain in the southern Hauraki Plains
(Houghton and Cuthbertson 1989; Manville and
Wilson 2004). Hinuera D refers to the post-17,600
cal yr BP reworking of earlier Hinuera sediments.
The Hinuera C deposits largely comprise the
reworked products of the voluminous break-out flood
event from the Taupo volcano (Manville and Wilson
2004; Manville et al. 2007) that occurred soon after
the Oruanui supereruption c. 25,400 cal yr BP (Wilson
2001; Vandergoes et al. 2013; Barker et al. 2021) but
before the Waikato River’s avulsion into the Hamilton
Basin, which occurred between c. 24,000 cal yr BP
(Lowe and Green 2024) and c. 23,500 cal yr BP (Peti
et al. 2021) (see also section on this topic below). The
land surface in the southern Hauraki Plains (on the
Hinuera C deposits), therefore, has an estimated age
of c. 24,000 to c. 23,500 cal yr BP (Lowe and Green
2024), consistent with calibrations on several radiocar-
bon dates obtained by Houghton and Cuthbertson

Table 1. Radiocarbon ages obtained from the Arnold and Ryland paleoseismic trenches on the Te Puninga Fault, and from the

Hinuera Formation (Hinuera C) near Matamata.

Conventional radiocarbon

Waikato Radiocarbon Laboratory Material dated and pre-

age
("“CyrBP+1 sd)

Calibrated C age®
(cal yr BP, 95.4% 8¢

number treatment® probability range) (%0) Location?
Wk52561 Twigs and plant material 10,071+ 20 11,690 + 30 11.5% * Ryland Trench®
11,485 + 84.0%
165
Wk52552 Peat 19,773 £46 23,795+ 75 88.3% * Arnold Trench®
23,485+ 7.1%
55
Wk52554 Peat 19,963 £ 47 23,970+ 170  95.4% * Arnold Trench®
Wk52555 Leaf in peat 20,705 + 50 24,900 +220 95.4% * Arnold Trench®
Wk216 Peat 19,400 £ 200 23,781+£200 954% —28.2 Quarry near
Matamata
¢. 2.5 m depthf
Wk217 Peat 18,400 + 200 22,863+200 954% —26.8 Cutting near
Matamata
€. 6.2-70m
depthf
Wk218 Peat 23,900 + 400 28,904 +£200 954% —25.9 Bore 37 near
Matamata

¢. 28.1 m depth’

*Pretreatment: Visible contaminants removed, sample washed in hot HCl, rinsed and treated with multiple hot NaOH washes. The NaOH insoluble fraction
was treated with hot HC|, filtered, rinsed, and dried. Dated via AMS. Surfaces scraped clean. Wood was chopped into small splinters and milled. Washed
in demineralised water and dried. Treated with sodium chlorite to leave holocellulose, rinsed with distilled water and dried. Dated via liquid scintillation

spectrometry.

PCalibrated using OxCal v.4.4 (updated 2023; based on Bronk Ramsey 2001) and SHCal20 (atmospheric curve) (Hogg et al. 2020) (see Supplementary

material S2).

“The §'C value was measured on prepared graphite using an AMS spectrometer. The radiocarbon date has therefore been corrected for isotopic frac-
tionation. However, the AMS-measured &'C value can differ from the §'3C of the original material and it is therefore not shown.
dSee Figures 4 and 5 showing the sampling positions of the Arnold and Ryland trench walls, respectively.

Data from this study.
fData from Hogg et al. (1987) and Houghton and Cuthbertson (1989).



(1989) (Table 1). Note that most of the Hinuera C sur-
face is buried by a composite of incrementally accumu-
lated, thin, chiefly rhyolitic, tephra-fall deposits that
together are up to about 1 m thick in the southern
parts of the plains (Pullar and Birrell 1973; Lowe
1988; Houghton and Cuthbertson 1989; Persaud et al.
2016), the basal tephra likely being Okareka tephra
(Hughes 2023) which has an age of 23,525+ 300 cal
yr BP (95% probability range) (Peti et al. 2021).

Methods
Active fault mapping

The active faults in the Hauraki Plains have been
mapped in detail at scales between 1:2000 and

NEW ZEALAND JOURNAL OF GEOLOGY AND GEOPHYSICS . 5

1:5000 with a DEM derived from LiDAR data. The
LiDAR data were acquired in 2007 by the Waikato
Regional Council. The 1 m resolution DEM and hill-
shade relief models were used to identify fault scarps
(Figure 2). We also reviewed the original mapping
by Persaud et al. (2016) and Leonard et al. (2024) as
the base for our mapping. Due to the mainly north-
south orientation of the alluvial system through the
region of the Te Puninga Fault, there are river chan-
nels and terrace risers parallel and subparallel to the
fault strike. These fluvial features make it difficult to
distinguish whether a topographic scarp is tectonic
in origin or a terrace riser (Figure 2). To distinguish
between the two, we made topographic profiles across
suspected fault scarps to see whether the surfaces
either side were tectonically tilted (i.e. sloping), rather

Southeast, east and northeast-dipping fault strand
Fault strand, dip not estimated.

Southwest, west and northwest-dipping fault strand

Figure 2. Views of the different geomorphic characteristics of the Te Puninga Fault. A, Area of the Te Puninga Fault around the
Waiharakeke West Stream that illustrates the interplay between fault scarps and fluvial terrace risers in locations where the fluvial
drainage is parallel with the fault strike. B, Fault mapping interpretation for panel A. C, Area of the Te Puninga Fault in generally
very flat topography where the fault scarps are very subtle in the LiDAR hillshade model. D, Fault mapping interpretation of panel
C, showing how overlaying a dynamic-range-adjusted digital elevation model over the hillshade model enhances the fault scarps

in this area of low topography. The pale-grey lines depict roads.
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than flat-lying as would be expected for fluvial sur-
faces. The tectonic origin of some small traces is still
uncertain, because the amount of tectonic tilting
associated with faulting would be too small to be
detectable (Figure 3).

Paleoseismic trenching and chronology of the
Hinuera surface

Paleoseismic trenching was undertaken to date the
sediments displaced by the fault and refine the age
of the Hinuera surface in the Te Puninga Fault area.
Trenching also enabled the offset stratigraphy in the
trench to be compared to the offset seen at the surface.
This comparison helped evaluate whether the age of
the Hinuera surface, along with scarp heights at the
ground surface, could be used to calculate slip rate.
Observations and data from the trenches will also be
used in the future to develop a paleoearthquake record
and estimate co-seismic displacements for strands of
the Te Puninga Fault. Trenches were excavated at
two sites, namely the Arnold and Ryland sites (Figure
1B), across two different and prominent fault strands.

The Arnold trench was excavated across a promi-
nent, 2-2.5 m-high scarp and was 41 m long and
3 m deep. The Ryland trench was excavated perpen-
dicular to a 3.3 m-high scarp, with a length of 38 m
and depth of 2.4 m. Both trench walls were photo-
graphed and a structure from motion (SfM) photomo-
saic was produced with spatial precision tied to real-
time kinematic (RTK) global navigation satellite sys-
tem (GNSS) positions. One key wall log from each
trench is displayed in Figures 4 and 5.

The stratigraphic units and tectonic deformation
features were digitised directly onto the photo ortho-
mosaics using ArcGIS software. The units identified
within these materials were described geologically
and pedologically using standard procedures and
nomenclature (Clayden and Hewitt 1989; Milne et al.
1995). Trench unit descriptions are given in the elec-
tronic supplement to this article (supplementary
material S1). Organic material was collected for radio-
carbon dating where possible. The most common
organic fractions were large roots and stumps, small
pieces of wood, bark, or twigs, and decomposed peat
(including preserved but somewhat degraded leaf
material in one sample). Four radiocarbon samples

11.0
10.5
10.0
9.5
9.0

(w) 18840

8.5
8.0
7.5
7.0

o
a
o

-150  -100 50 100 150

18.5
18.0

-150  -100 50 0 50 100 150
Distance (m)

Figure 3. Example of topographic profiling undertaken across the Te Puninga Fault. Arnold (A) and Ryland (B) profiling swaths are
indicated by the yellow boxes. White diamonds are location of trenches. Red lines are mapped traces of the Te Puninga Fault and
blue dots are topographic profile locations. The white dashed line in (A) delineates the boundary between the two broad groups
of surfaces discussed in the text: to the west are older alluvial fan deposits, while to the east, are the low lying surfaces of the
Hauraki Plains and the youngest alluvial fan deposit. (C) and (D) are example topographic profiles from the Arnold and Ryland
swathes, respectively, where red points are the elevations manually selected to define the slope of the upthrown and downthrown
side of the fault resulting in the orange and blue best-fitting lines, respectively.
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Hinuera Formation and unit 1 corresponds to Waitoa Formation (of Houghton and Cuthbertson 1989; Brathwaite and Christie

1996).

were processed at the Waikato Radiocarbon Labora-
tory and the Rafter Radiocarbon Laboratory and the
ages were calibrated using the SHCal20 calibration
curve (Hogg et al. 2020) and OxCal v.4.4.4 (C. Bronk
Ramsey: https://c14.arch.ox.ac.uk/oxcal/OxCal.html).

Topographic profiling

Topographic profiling was undertaken to estimate
the total offset of the Hauraki Plains geomorphic sur-
face by Te Puninga Fault. Fault offsets were estimated
in two transects perpendicular to the fault that
spanned the width of the Te Puninga Fault zone to
include all the parallel fault strands. The total offset
was estimated by summing all the individual strand
offset measurements across the transect. Each trans-
ect is represented by a 1 km-wide swath rather than
a line. The two swaths (transects) are centred around
the Ryland and Arnold trenching sites (Figure 3) to
enable information from the trenches (mainly
Hinuera surface age) to be used, and hence are
referred to as the Ryland and Arnold swaths. These
wide swaths were used to facilitate estimates of
offset uncertainty through the acquisition of multiple
offset values for each individual strand of the Te
Puninga Fault zone which we averaged to develop
an estimate for that individual strand. Topographic
profiles were constructed for offset measurements
using a Python tool developed in Howell et al.
(2020). After defining the location of multiple

profiles for each fault strand, this tool extracts the
elevation of the ground surface across a 10m-wide
zone along each profile. It them plots this elevation
data against distance from the fault, and the user
then defines the slopes of the hanging wall and foot-
wall. The gradients of these slopes are then projected
to the location of the fault and the resulting vertical
offset and associated uncertainty are measured (e.g.
Figure 3). A quality factor (Q1-3, where Q3 is excel-
lent and QI is poorly quality) was assigned to each
measurement.

Slip rate

Slip rate across the Te Puninga Fault was calculated in
the Arnold and Ryland profile swaths utilising offsets
measured from topographic profiling and age bounds
on these offsets from radiocarbon dating of deformed
stratigraphy in the two paleoseismic trenches. At least
three offsets of sufficient quality (Q>2) for each
strand were used to calculate overall slip rate within
each profiling swath. Topographic surfaces crossing
each profiling swath were mapped out and broadly
grouped into surfaces of the same age based upon
elevation and geomorphology. This process led to
two broad groups of surfaces: (1) surfaces within the
low-lying Hauraki Plains along with the youngest allu-
vial fan deposits towards the higher elevation hills to
the west (group A; Figure 3A); and (2) a set of older
alluvial fan deposits present to the west of the younger
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deposits in the Arnold profiling swath (group B;
Figure 3A). Vertical offset of the surfaces trenched at
the Arnold and Ryland sites were compared to the ver-
tical offset of trench Unit A exposed in each paleoseis-
mic trench to assign an age to the vertical offsets.

A Monte Carlo approach was taken to calculate slip
rate from age and offset data. We generated 10,000
offset profiles across the Te Puninga Fault zone. This
approach is achieved by randomly sampling vertical
offset for each strand, as well as fault dip (60 + 15°
Seebeck et al. 2023) to allow calculation of dip-slip
offset, assuming Gaussian uncertainties for both. The
modelled OxCal age distribution for trench Unit A
deposition was also randomly sampled and used to
calculate slip rate across the fault traces. Slip rates
were then summed across each profiling swath and
two total slip rates were calculated. The first is the
total slip rate across the fault regardless of down quad-
rant (i.e. all slip rates are positive) and the second is
the total down-to-the-southwest slip rate (down-to-
the-northeast slip rates treated as negative). Because
the age bounds on offset of three fault traces in the
Arnold swath are minimums, slip rate calculated for
that swath should be considered a maximum bound
on the true slip rate here.

Maximum magnitude and recurrence interval

We have used two approaches to estimate the likely
earthquake magnitude that could be generated by rup-
ture of the Te Puninga Fault. Firstly, we estimated the
maximum moment magnitude (M,,) using the scaling
relation between fault length and magnitude, devel-
oped for the Taupo Volcanic Zone (Villamor et al.
2001) and used in the 2010 NZ NSHM (Stirling
et al. 2012), as follows:

M, = 4.80+ 1.33log L

where L is the subsurface fault length in km. The sub-
surface fault length is 1.164 times the mapped fault
length at the surface (Villamor et al. 2001, 2007).

Secondly, we calculated magnitude using the
recently proposed scaling relation for normal faults
in the 2022 NZ NSHM (Gerstenberger et al. 2022),
which relate M,, to rupture area, A (in km?), as fol-
lows:

M, =logA+c

where ¢ has a mean of 4.13 and bounds of 3.95-4.3
(Stirling et al. 2023 accepted). To apply the 2022 NZ
NSHM scaling relation we generated ¢ using a Gaus-
sian distribution with 95% confidence interval limits
of 3.95 and 4.3 and calculated area using the subsur-
face length of the Te Puninga Fault and the seismo-
genic depth of the Hauraki Plains of 17 + 1 km (Ellis
etal. 2021). Both A and c are randomly sampled to cal-
culate the magnitude.

We also utilised scaling relations to place bounds
on the recurrence interval of the Te Puninga Fault.
The magnitude calculated above is used to calculate
displacement (D, in metres) according to Villamor
et al. (2001):

Mw = 3.78 4+ 1.33 log(D)

The distribution of magnitudes given by the 2022 NZ
NSHM scaling relation is used to calculate a distri-
bution of displacements, which then in turn is divided
by the slip rate of the Te Puninga Fault to derive a
recurrence interval (RI=displacement/slip rate). A
Gaussian distribution is fitted to slip rate with the
centre of the distribution centred around the mean
slip rate and the two-sigma defined the 95% confi-
dence interval.

Expected ground motion calculations

Modified Mercalli Intensity (MMI) and peak ground
acceleration (PGA) were modelled using OpenQuake
(GEM 2019), an open source hazard and risk model-
ling tool that uses ground motion models (GMMs)
to estimate the expected level of ground shaking
during an event of a particular size and magnitude.

The calculation mode used in this study is called
scenario analysis, where a single seismic event is con-
sidered. Uncertainties associated to the GMMs are
included by generating a number of simulations that
represent its variability.

Intensity prediction equations (IPEs) are GMMs
used to estimate MMI whereas ground motion predic-
tion equations (GMPEs) are used to predict PGAs and
accelerations at other period levels. Generally, IPEs
and GMPEs are dependent on the distance to the
earthquake source, the earthquake tectonic region,
rupture mechanism and magnitude, and the local
site conditions, as follows:

IM = f(Rup, Dist, Mw, §)

Where IM is the intensity at a site, Rup is the rupture
mechanism, Dist is the distance to the earthquake
source, Mw is the earthquake magnitude, and S is
the local site condition.

In this study we use the GMPE from the 2022 NZ
NSHM (Gerstenberger et al. 2022), which combines
several international GMPEs through a logic tree
approach to address uncertainties. The IPE used is
from Dowrick and Rhoades (2005) and was developed
for New Zealand events.

Detailed fault rupture geometries are normally
required by the most recent GMMs to calculate the
distance to the fault source. Here we use the geome-
tries from the CFM (Seebeck et al. 2023). Local site
conditions were expressed as the mean shear wave vel-
ocity at 30 m depth (Vs30). The data used come from



the latest updated Vs30 model for New Zealand (Fos-
ter et al. 2019).

Results
Fault map

The results of fault mapping, as shown in Figure 1B,
demonstrates the distributed nature of the surface
deformation along the Te Puninga Fault. The total
fault length based on mapped traces is 30 km. More
careful topographic analysis has allowed more scarps
to be identified as fault traces, rather than terrace
risers, than on previous maps (Figure 2). As a result,
at the surface, the Te Puninga Fault is composed of
more than 10 parallel strands for most of its length.
Fault strand length is variable with ~30% of mapped
traces <200 m in length, 68% of mapped traces<
1 km in length, and only 1% of traces greater than
10 km in length. These strand lengths should be con-
sidered as minimums as we are referring to mapped
length and traces that could be longer but not
expressed at the land surface - for example, because
of erosion or human modification.

A key finding from the fault mapping is that the lar-
gest displacements occur on the fault strands that dip to
the southwest. This finding suggests that the main fault
plane at depth is likely southwest dipping. Based on
preliminary mapping, Persaud et al. (2016) suggested
that the “Te Puninga segment’ dipped to the northeast
and that it was probably connected at depth with the
Kerepehi Fault. If the Te Puninga Fault plane is subpar-
allel to the Kerepehi Fault (i.e. both dip towards the
same direction), they may not necessarily connect at
depth. Hence it is preferable to consider the Te Puninga
Fault as an independent fault.

Paleoseismic trenching — age of Hinuera surface
displaced by the Te Puninga Fault

Stratigraphy and tectonic deformation in the
trenches

The locations of the Arnold and Ryland trench sites
were selected to target different fault strands and at
least two different sections along the fault length to
inform slip rate profiling swaths across the fault
(Figure 1B). Both trenches showed similar strati-
graphic and tectonic deformation features (Figures 4
and 5).

Stratigraphic columns were constructed at multiple
locations in each trench to incorporate all the detailed
units observed in the two trenches. Three broad strati-
graphic units were identified (Figures 4 and 5): (1) late
Pleistocene  secondary  volcaniclastic — alluvium,
Hinuera C (of Manville and Wilson 2004), of the
Hinuera Formation, labelled as Units A-C; (2) Holo-
cene (post-Hinuera C) alluvium of Waitoa Formation
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(of Houghton and Cuthbertson 1989; Brathwaite and
Christie 1996) (unit 1); and (3) a composite cover
bed of mainly rhyolitic tephra-fall deposits of variable
thickness up to 65 cm in total, labelled as TS (Bw)
(Figures 5 and 6). Note that although Houghton and
Cuthbertson (1989) defined the Waitoa Formation as
encompassing Holocene alluvium of the Waitoa and
Waihou rivers and tributaries (plus minor peat), we
have extended the coverage here to include Holocene
alluvium of the Piako River and tributaries. Figure 6
correlates the simplified stratigraphy, including ages,
as exposed at the two trenches with named geological
deposits/formations. Different pedological soils ident-
ified at the land surface along each trench are also
shown in Figure 6.

The Arnold trench comprised mainly Hinuera C
deposits of the Hinuera Formation, with a c. 65 cm
thick composite mantle of tephra-fall deposits on the
upthrown side of the trench (Figure 4, and sup-
plementary material S1), diminishing to a c. 30 cm-
thick mantle on the downthrown side where soil redu-
cing (gley) conditions prevailed (including low-
chroma colours, positive Childs’ test for Fe?*) (Hewitt
et al. 2021b) (Figure 6). Two visible tephra layers,
Taupo (AD 232+10) (as fine pumice lapilli) and
Kaharoa (AD 1314 +12) (as very fine ash/silt), both
thin, discontinuous layers <5 mm thick, were ident-
ified in each wall of this trench (supplementary
material S1) (ages from Hogg et al. 2003, 2012,
2019). The likely presence of Okareka tephra (c.
23,500 cal yr BP), as a cryptotephra (Lowe 2011) at
the base of the composite tephra mantle (on the
upthrown side), was inferred using glass-shard ana-
lyses (Hughes 2023). Hinuera C deposits are labelled
Unit A, Unit B, and Unit C from top to bottom.
Unit A consists of two subunits Al and A2. Unit B
can be divided into five subunits (B1-B5), and Unit
C into three subunits (C1-C3) (see descriptions in
data supplement).

The Ryland trench stratigraphy comprises mainly
Hinuera C deposits of the Hinuera Formation, labelled
Unit A, Unit B (subunits B1-B3), and Unit C from top
to bottom. On the downthrown side of the fault, and at
the western end of the trench, about ~1.5 m of volca-
niclastic sediments of the Holocene Waitoa Formation
were exposed overlying Hinuera Formation (Figure 5,
supplementary material S1). On the upthrown side of
the trench, the composite mantle of tephra-fall depos-
its was c. 30-40 in thickness, with underlying
soil horizons showing evidence of pedological redox
reactions and associated redoximorphic features
(including orange mottles, MnO, concretions, some
low-chroma colours), and a mantle of similar thick-
ness, but under full reducing conditions, marked the
land surface at the downthown side (Figure 6).

The tectonic deformation in the trenches was
expressed as folding, tilting, small faults and
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Figure 6. Schematic diagram of the general stratigraphy and chronology of the Arnold (A) and Ryland (B) trenches as east-west
cross sections spanning the Te Puninga Fault, showing two or three main stratigraphic units, respectively, and associated pedo-
logical soils at the land surface. The surface soil classifications are based on Hewitt (2010) and Hewitt et al. (2021a, 2021b); the soil
series names are from Wilson (1980). Age on Hinuera C deposits based on this study (Table 1); age on base of tephra mantle (in

Arnold trench) is based on likely presence of Okareka tephra

(c. 23,500 cal yr BP), identified by Hughes (2023); age on Waitoa

Formation is from this study (Table 1). In Ryland trench, the asterisks in the soil profile represent redox features. Both sketches

mimic the trench walls but are not to scale.

liquefaction features. The layers displayed in the
trench logs (Figures 4 and 5) were horizontally depos-
ited. However, they are currently folded into a broad
fold, mimicking the same shape as the ground surface.
If the topographic scarp had been a terrace riser, the
layers would have been horizontal and likely eroded
along the scarp. The Arnold trench (Figure 4) shows
this broad folding, along with a clear liquefaction fea-
ture towards the eastern end (between 7 and 9 m in
Figure 4) and a small fracture/fault at the western
end (37-38 m in Figure 4). The Ryland trench also
demonstrates a clear broad fold, as well as several
smaller faults (2-13m in Figure 5) and pervasive
liquefaction features in the unit layers (8-16 m in
Figure 5).

Three radiocarbon samples were positioned to pro-
vide a reliable age for the Hinuera surface at the tren-
ching sites (Table 1). Note that most radiocarbon
samples were collected from the Arnold trench and
hence we have assigned similar ages to layers in the
Ryland trench based on stratigraphic correlations.
An exception is sample Wk52561 that returned an
age of c. 11,500 cal yr BP on post-Hinuera alluvial
deposits in the Ryland trench, enabling them to be
assigned a Holocene age and correlated with the
Waitoa Formation of Houghton and Cuthbertson

(1989). Samples Wk52552 (Arnold peat 1), Wk52554
(Arnold peat 3), and Wk52555 (Arnold peat 4, leaf
material) were all peat samples obtained from the
south wall of the Arnold trench (Figure 4). The
three samples date a thin (< 10 cm) and continuous
peat horizon that is located about 80 cm below the
top of the Hinuera Formation (between Units A and
B). This peat probably represents a brief hiatus, and
a low spot topographically such as a flood basin or
abandoned braided channel with a high water table,
in alluvial deposition during which organic matter
accumulated (as described for lithofacies E by Hume
et al. 1975). The peat therefore pre-dates the end of
deposition of the Hinuera Formation, because the
finer-grained upper Unit A material overlies this
boundary. However, the precise length of time it
pre-dates Hinuera Formation by is not constrained.
To use the three radiocarbon ages to provide a maxi-
mum age for the Hinuera surface at the Arnold site we
used a phase and Tau boundary sequence within
OxCal (v. 4.4, Bronk Ramsey 2001, 2009; supplemen-
tary material S2). The Tau boundary function builds
into the model an assumption that the radiocarbon
ages cluster toward the end of the phase and the mod-
elled event (i.e. end of Hinuera deposition) is close to
the end of the phase. The three radiocarbon ages are
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Figure 7. The age model used to constrain the age of the Unit A deposits (95.4% probability range). Median age is 23,385 cal yrs
BP. Age model derived from OxCal (v. 4.4; Bronk Ramsey 2001, 2009) using the SHCal20 calibration curve (Hogg et al. 2020).

placed in a phase together (because we cannot be cer-
tain of the stratigraphic ordering of the samples) and
the boundary probability distribution function
(PDF) that post-dates this phase is used to approxi-
mate the age of upper units of the Unit A deposit
(Figure 7). The 95% age range of the boundary PDF
in the Oxcal model is 23,850-21,980 cal yrs BP
(median age 23,385 cal yrs BP), which largely overlaps
the age given to the surface by other authors of
c. 24,000-23,500 cal yrs BP as described earlier, and
by the likely presence of similarly-aged Okareka
tephra overlying the Hinuera surface at the upthrown
end of Arnold trench (Hughes 2023). The modelled
boundary age distribution is then used in the slip
rate calculations. Because a similar dating regime to
constrain the age of the Unit A surface could not be
undertaken at the Ryland site (noted above), the
ages from the Arnold site are also applied to the
Ryland swath.

The date of the end of the Hinuera Formation
deposition is probably slightly younger than the Unit
A-Unit B dated contact but when Unit A1-Unit A2
contact is plotted with the surface profile, both profiles
have a vertical offset of 2.3 m. Because the amount of

vertical offset for the top of the Hinuera Formation is
the same as the surface (Figure 4), it implies there has
not been substantial deposition or erosion of the sur-
face since 23,850-21,980 cal yrs BP, except for the
deposition incrementally of <0.65 m-thick composite
mantle of thin post-Hinuera tephra beds.

Slip rate

The cumulative net offsets of the ground surface from
the two transect swaths across the Te Puninga Fault
are displayed in Figure 8. The average cumulative ver-
tical displacement is 10 and 5 m along the Arnold and
Ryland swaths, respectively. Using the age probability
distribution we assign to the end of the deposition of
the Hinuera Formation of 23,850-21,980 cal yrs BP,
we achieve a total vertical slip rate of 0.41+
0.13 mm/yr and 0.17 +0.10 mm/yr, and a total net
slip rate of 0.48 +0.16 mm/yr and 0.20 + 0.13 mm/yr
(all down to the southwest) for the Arnold and Ryland
sites, respectively. These convert into an extension rate
of 0.24+0.12 mm/yr and 0.10 0.1 mm/yr, respect-
ively, for the Te Puninga Fault at each transect.

C ive offset - Arnold
35 T T

T
Mean total net slip rate:
0.48 + 0.16 mm/yr

Median HinA age used:
23,385 cal yr BP

251

1 I 1 1
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Figure 8. Profiles of cumulative net offset across the Arnold (A) and Ryland (B) profiling swaths. Down to the southwest is positive
and down to the northeast is negative. The bold black line is the mean offset and orange bars reflect the 95% confidence interval.
Grey lines are different simulations in the Monte Carlo used to propagate uncertainty.
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The Arnold and Ryland sites are located at different
positions along the Te Puninga Fault. To obtain a
mean net slip rate profile for the whole fault (hereafter
referred to as along-fault net slip rate), we have
assigned a bell-shaped slip rate distribution for the
fault constrained by measurements from both the
Arnold and Ryland profiling swaths. To do this we
assume that slip rate is zero at each end of the fault
and rises to a peak midway along the fault. The Arnold
profiling swath corresponds to the approximate mid-
point of the fault, and therefore we set the maximum
slip rate along the Te Puninga Fault to equal the slip
rate derived from this swath (Figure 9). The same
methodology is applied to calculate the mean exten-
sion rate of the Te Puninga Fault. The resulting
along-fault net slip rate is 0.25 mm/yr (95% CI limits
of 0.15-0.37 mm/yr) and the extension rate is
0.13 mm/yr (95% CI limits of 0.03-0.25 mm/yr).
There could be large uncertainty when fitting only
two values to a curve. In the supplementary material
S3, we present other options where different types of
curves have been used. The results do not differ sig-
nificantly from those we obtained here and thus we
consider this result as reasonable, given its preliminary
character with only two slip rate estimates along the
fault.

Maximum magnitude

The maximum mapped surface length of the Te
Puninga Fault is 30 km. Applying the scaling relation
from Villamor et al. (2001) with the subsurface
length (34 km; using a conversion factor of 1.164
to convert surface to subsurface from Villamor
et al. 2001) of the Te Puninga Fault results in a maxi-
mum magnitude of M,, 6.8. With the new scaling
relations developed for the NSHM (Stirling et al.
2023 accepted) for normal faults, a magnitude of
M,, 6.9+0.35 is obtained. This scenario assumes
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Figure 9. Interpolated along-fault net slip rate profile for the
Te Puninga Fault. The red line is the average slip rate whereas
the grey dashed lines reflect the two-sigma uncertainties on
the net slip rate. Open circles are the net slip rates measured
along the Ryland (south part of the fault) and Arnold (middle
part of the fault) profiling swaths. The fault is assumed to have
0 mm/yr slip rate at its southern and northern ends.

that the fault ruptures along its whole length
(30 km) and whole width (using a seismogenic
depth of 17 km) (Ellis et al. 2021; Seebeck et al.
2023). The NSHM M,, value is consistent with M,,
calculated using the Villamor et al. (2001) scaling
relation. We use the Mw of 6.9 derived from the
NSHM scaling relations to model recurrence inter-
val, PGA, and MMI in the following sections.

Recurrence interval

Applying the maximum magnitude calculated in the
previous section with scaling laws from Villamor
et al. (2001) results in a displacement of 2.2 m (95%
CI of 1.2-3.9 m). This reflects a maximum displace-
ment that would result if the entire length of the Te
Puninga Fault ruptures during a single earthquake.
Such a displacement, along with the along-fault net
slip rate (0.25 mm/yr), leads to a mean recurrence
interval of 6200 (95% CI of 3000-11,500 years). How-
ever, because we do not expect the entire length of the
Te Puninga Fault to rupture during each earthquake,
we consider this to be a maximum bound on recur-
rence interval of the Te Puninga Fault. Further work
on the paleoearthquake chronology of the Te Puninga
Fault is needed to better constrain its recurrence
interval.

Expected shaking and damage

The slightly larger new M,, value obtained in this
study (M, 6.9), compared to the M,, value calculated
previously (M,, 6.7) by Persaud et al. (2016), has
been used to calculate PGA and MMI expected in
some of the larger townships or cities from rupture
of the Te Puninga Fault.

In Table 2 we show PGA and MMI values using the
new average M,, obtained from scaling relations used
in the NZ NSHM (Gerstenberger et al. 2022) described
in previous sections. We also show the results for M,
7.25, a value that is suggested by the NZ NSHM for
multifault ruptures (see discussion below).

Discussion

Long-term geological vs short-term geodetic
extension rate

The most recent estimate of the geodetic extension
(widening) rate across the Hauraki Rift is 1.15*
0.3 mm/yr (three-year duration from 2015 to 2017;
Pickle 2019). Assuming a fault dip of 60+ 15°, we
have obtained an average along-fault extension rate
for the Te Puninga Fault of 0.13 mm/yr (0.03-
0.25 mm/yr), which is slightly larger than the exten-
sion rate suggested by Persaud et al. (2016) of
0.09 mm/yr (0.01-0.20 mm/yr; calculated using the
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Table 2. Potential Peak Ground Acceleration (PGA) and Modified Mercalli Intensity (MMI) that could be expected in selected

townships following rupture of the Te Puninga Fault.

MMI* for MMI* for PGA™ for PGA™ for MMI ™ for Mw 6.7
My 6.9(average; My, 7.25 (geology peak value My 6.9 (average; My, 7.25 (geology peak value (from Persaud et al.
Township this study) * from Gerstenberger et al. 2022) this study)** from Gerstenberger et al. 2022) 2016)
Morrinsville 9.7 +1.02 10.0+1.02 035+1.35 038=+1.7
Tauranga 6.6+ 1.04 7.2+1.03 0.04 £1.45 0.05+1.6 6
Te Aroha 89+1.04 9.5+1.03 0.1£1.38 0.17 £1.62 8
Hamilton 7.9+1.03 8.4+1.03 0.09 £1.40 0.11+1.58 7

* Median MMI and 20.

** Median PGA and 20. PGA of ‘1’ is 9.81 m/s°.

““Median MMI.

*Scaling relations and GMPEs from Gerstenberger et al. (2022).

**Scaling relations from Gerstenberger et al. (2022); IPE from Dowrick and Rhoades (2005).

slip rate from Persaud et al. 2016, and assuming the
same fault dip as used here). To assess a late Quatern-
ary extension rate for the Hauraki Rift we add the new
Te Puninga Fault extension rate value to that of the
Waitoa segment of the Kerepehi Fault (Waitoa seg-
ment average extension rate of 0.18 mm/yr; range of
0.06-0.37 mm/yr; calculated from a slip rate of 0.22-
0.4 mm/yr in Persaud et al. 2016 and assuming the
same fault dip; see Figure 10 for location). This sum
achieves a total average long term extension rate of
0.33 mm/yr (0.13-0.58 mm/yr). This value is short of
the three-year rate of 1.15+ 0.3 mm/yr (Pickle 2019)
of rift-perpendicular extension calculated using geo-
detic data. There could be several reasons for this:

— Faults can have variable slip rates over time (Nicol
et al. 2006; Zinke et al. 2019). The late Quaternary
average estimates that we have calculated here
result in a long-term geologic extension rate. In
contrast, the geodetic estimate from Pickle (2019)
provides an estimate of extension rate for only a
three-year period. Clustering of earthquakes,
which leads to faster slip rates during some periods
and slower slip rates during others, may occur and
such a scenario has been suggested for the Kerepehi
Fault over the period c. 18,000-15,000 cal yrs BP
(Persaud et al. 2016). The difference in extension
rates could be due to changes in slip rate over
time where the extension rate established in this
study reflects the behaviour of the Te Puninga
Fault over longer geologic timescales, while the
geodetic extension rate constrained by Pickle
(2019) may reflect a more recent period of elevated
slip rate along the Te Puninga Fault. A mechanism
suggested for this variability is the presence of vari-
able size earthquake ruptures along the fault system
(e.g. suggested for Marmara Sea fault system; Her-
gert and Heidbach 2010) rather than a repeated
single characteristic rupture.

— There are now more active traces of the Kerepehi
Fault than those shown in Persaud et al. (2016).
Distributed deformation is common in sedimen-
tary basins where sedimentation rates exceed tec-
tonic rates, as faults continuously break through

new sediments (Childs et al. 2017). Small fault
offsets can be difficult to identify in the absence
of high resolution topographic maps. Additional
Kerepehi Fault traces were identified here during
mapping of the Te Puninga Fault with LiDAR-
derived high resolution topographic maps. Per-
saud et al. (2016) focused mainly on the large
escarpment that was trenched. It is possible that
mapping new active traces of the Kerepehi Fault,
as well as obtaining better constraints on the age
of geomorphic surfaces, may result in a different
extension rate for the Kerepehi Fault. Our study
assigns almost the same slip rate to the Te
Puninga Fault as that estimated on the Kerepehi
Fault by Persaud et al. (2016). However, the geo-
morphic expression of the Kerepehi Fault is
more prominent than that of the Te Puninga
Fault. It is possible that a more detailed study on
the Kerepehi Fault will produce a faster slip rate
than that already constrained to date, which will
bring the long-term geological extension rate clo-
ser to the short-term geodetic one.

— Small scale faulting, not detectable in the landscape,
and/or distributed aseismic deformation could be
missing from the long term deformation records,
as suggested for other extensional areas (e.g. wes-
tern Canada; Mazzotti et al. 2011). In the Taupo
Rift, a rift with similar sedimentary material to
the Hauraki Plains but with more fault exposure,
Villamor and Berryman (2001) suggest that
undetectable small scale faulting could be contri-
buting to <5% of the total extension, which is
still short of the 70% discrepancy in the defor-
mation values.

— We have used a fault dip value of 60 + 15° on the
whole fault width to calculate a net slip rate and
extension rate from the vertical slip rate. Exten-
sion rate values could be larger than those
obtained here if the fault has a listric plane geome-
try with shallower dip in deep sections of the crust
(e.g. Delano et al. 2022).

This discussion highlights the need for a full update
of geological slip rates across the Hauraki Rift to
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Figure 10. A, Fault sources around the Te Puninga Fault from
the NZ Community Fault Model (NZ CFM, Seebeck et al. 2023).
In blue are active faults that could rupture with the Te Puninga
(TP) Fault based on the grand inversion in the 2022 NZ NSHM
(Gerstenberger et al. 2022), namely: segments of the Kerepehi
Fault (KO, Okoroire; KTP, Te Poi; KW, Waitoa; KE, Elstow; KA,
Awaiti; KOf, Offshore) and the Mangatangi (Ma), Pokeno (Po)
and Aka Aka (AA) faults. In red are other fault sources in the
NZ CFM. B, Single-event ruptures of multiple faults that
include the Te Puninga Fault (dashed box) are depicted by
the filled polygons. The larger magnitude events are superim-
posed by the smaller magnitude ones. Open polygons denote
fault segments (of the Community Fault Model; Seebeck et al.
2023) that do not participate in any of the ruptures involving
the Te Puninga Fault. C, Participation magnitude frequency
distribution of the events associated with the Te Puninga
Fault. The event rates include those given by inversion of
slip rates and distributed (or background) seismicity. The for-
mer accounts for magnitudes larger than Mw 6.8. The event
rates derived from the inversion of the geologic slip rates
(red lines) show a characteristic event with the mode at Mw
~7.25, while those derived from the inversion of geodetic
slip rates (blue lines) show the mode at Mw ~7.45. The dataset
shown in (B) and (C) was extracted from the 2022 NZ NSHM
(Gerstenberger et al. 2022).

enable a sound comparison with geodetic data to be
undertaken.

Hazards from the Te Puninga Fault

We have updated the maximum magnitude (average
M,, 6.9), slip rate (average 0.25 mm/yr), and recur-
rence interval (average 6200 years) for the Te Puninga
Fault. Although the new values are not substantially
different from those assigned previously, they are the
first estimates based on geologic data and have explicit
uncertainties attached to them. The new average net
slip rate is larger than those from Persaud et al.
(2016) (average slip rate of 0.16 mm/yr) but it is still
characteristic of those of low to moderate seismicity
areas. The updated estimates of slip rate and recur-
rence interval of the Te Puninga Fault are very similar
to those calculated for the Kerepehi Fault by previous
authors (Persaud et al. 2016), which raises the ques-
tion whether the hazard for the Kerepehi Fault could
be somewhat underestimated, as discussed in the pre-
vious section. We recommend that the new values for
the Te Puninga Fault are used for future editions of the
NZ CFM (Seebeck et al. 2023) and the NZ NSHM
(Gerstenberger et al. 2022).

In this study, we have used a characteristic earth-
quake approach (Schwartz and Coppersmith 1984)
to calculate the M,, for the Te Puninga Fault from scal-
ing relations. In this section we compare our results to
the output from the ‘grand inversion’ (Field et al.
2014) undertaken for the 2022 NZ NSHM (Gersten-
berger et al. 2022), which uses the same scaling
relations outlined above, but which also incorporates
the possibility that faults rupture in small segments
and connect (co-rupture) or participate in ruptures
that begin on other nearby faults.

Figure 10 shows that the Te Puninga Fault may par-
ticipate in larger ruptures, resulting from co-rupture
with the Kerepehi (Okoroire, Te Poi, Waitoa, Elstow,
Awaiti and offshore segments), Mangatangi, Aka
Aka and Pokeno faults (Figure 10A,B). Note
that these co-ruptures only include an offshore seg-
ment of the Kerepehi Fault, immediately close to the
onshore, also included in the NZ CFM (Seebeck
etal. 2023) and in the 2022 NZ NSHM (Gerstenberger
et al. 2022). Offshore segments of the Kerepehi Fault
further north have been defined based on geophysical
data (e.g. Hochstein and Nixon 1979; Ferguson et al.
1980; Hochstein et al. 1986; Chick et al. 2001) and
used by Persaud et al. (2016). However, those offshore
segments are not included in the NZ CFM or the NZ
NSHM because the evidence for recent activity is not
strong (e.g. no disruption of the Hinuera Formation;
Willem de Lange, pers. comm). Therefore we have
not included them in our analysis.

Several events with varying magnitudes are associ-
ated with the Te Puninga Fault depending on the



connectivity with the surrounding faults. The discrete
curves in Figure 10C show the recurrence rates (rup-
ture participation rates) for different magnitudes
(single and multi-fault rupture events). The event
rates derived from the inversion of the geologic slip
rates (red lines) show a characteristic event with the
mode at Mw ~7.25, whereas those derived from the
inversion of geodetic slip rates (blue lines) show the
mode at Mw ~7.45. These ruptures build most of
the seismic moment associated with the fault. If we
use Mw 6.9 and 7.25 from our results above, the
2022 NZ NSHM assigns recurrence intervals ranging
from 4736 to 6762 years (similar to our results) and
from 5656 to 10,398 years for Mw >6.9 and Mw
>7.25 events, respectively. The lower bound of the
recurrence times is obtained using fault slip rates
from the geodetic data and the upper bound from
the geologic data. This difference reflects larger strain
displayed by the geodetic data.

In summary, our results are similar to the geologi-
cal derived results from the 2022 NZ NSHM and
single fault rupture for the Te Puninga Fault. How-
ever, the NSHM approach includes the potential of
larger multi-fault ruptures (with recurrence periods
in order of 5500-10,000 years) than those explored
in this study.

Ground shaking: do our new data change
previous estimates?

Our estimates of MMI associated with rupture of the
Te Puninga Fault (Table 2) are around one unit larger
than those previously published by Persaud et al.
(2016). This increase is mainly related to the larger
average Mw estimated here because the attenuation
models used (Dowrick and Rhoades 2005). Small
differences in soil mechanics class assignation at
each site (i.e. Vs30 assumed at the sites) and number
of simulations performed to estimate mean MMI
values could also slightly contribute to this difference.

The average M,, 6.9 obtained here will result in
ground shaking intensities of MMI 9 + in Morrinsville
and MMI 9 in Te Aroha (Table 2). Tauranga and
Hamilton will experience MMIs of 6 + and 8, respect-
ively. Based on New Zealand MMI descriptors (Dow-
rick 1996), Tauranga would experience substantial
damage to fragile contents of buildings, cracks in
unreinforced stone and brick walls (some substantially
damaged), small slides and rock falls and minor lique-
faction. In Hamilton, shaking would potentially have
the following consequences: unreinforced masonry
would be heavily damaged and some could collapse;
reinforced masonry or concrete buildings could sus-
tain important damage; unreinforced domestic chim-
neys would be damaged; and small to moderate slides
and some liquefaction may occur. Te Aroha would see
many unreinforced buildings fully destroyed and
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other reinforced masonry and concrete buildings
and bridges damaged (some collapsed), substantial
cracking of the ground, sliding on steep slopes, and
liquefaction. Finally, the closest township to the
fault, Morrinsville, would be slightly more adversely
affected than Te Aroha with most unreinforced
masonry buildings destroyed and reinforced masonry,
concrete buildings and some bridges substantially
damaged; some timber buildings could be moderately
damaged; landsliding would occur; and liquefaction
and lateral spreading would be widespread and poten-
tially severe. If a larger (M,, 7.25), multi-fault rupture
event occurred the damage would be somewhat larger
(see Table 2) but the probability of occurrence of this
larger earthquake is smaller (see section above).

These shaking effects can be devastating for the
communities, and for the agricultural businesses on
which much of the region’s wealth depends. It is
important to note that this damage would occur sim-
ultaneously in different cities during a large earth-
quake on the Te Puninga Fault, which will stretch
the regional and national resources for response and
recovery. Planning for response and recovery needs
to be undertaken across the district and regional coun-
cils with support from nearby regions to avoid
resource exhaustion.

The Hauraki Plains and Hamilton lowlands region
is an area of increasing population growth and devel-
opment. Planning for such an event is important,
despite the rarity of its occurrence (see also Kluger
et al. 2023). Shaking levels for moderate earthquakes
for this area are already incorporated in the current
New Zealand Building Code. Once the new Te
Puninga Fault seismic parameters are incorporated
into the NZ NSHM, we do not expect large changes
to the design levels needed of residential construction.
Also, the large recurrence interval of the fault will
likely not affect development of residential housing
close to the fault (see Ministry for the Environment
guidelines for ‘Building on, or close to, active faults’;
Kerr et al. 2003). However, it is important to ensure
that the design of critical facilities considers the possi-
bility of a rare but larger event. A large earthquake
would cause substantial damage to residential, indus-
trial, and power-generating facilities, and could affect
groundwater quality and distribution. New develop-
ment of critical facilities, such as hospital, emergency
centres, etc., could be undertaken to successfully miti-
gate earthquake risk, using the mapping and new fault
characterisation here. Also citizens can greatly con-
tribute towards mitigation by following recommen-
dations on how to prepare for a large earthquake
(e.g.  https://www.eqc.govt.nz/be-prepared/).  In
addition, cascading hazards may be a major conse-
quence of a large earthquake in the Hauraki Plains,
as in the following examples: (1) flood defence infra-
structure could be damaged directly by shaking, or
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by ground compaction/subsidence associated with the
strong shaking itself or with permanent ground defor-
mation (fault rupture or liquefaction; Dellow et al.
2011; Green et al. 2011); (2) flooding hazard can also
occur by damage of storm water systems (Cavalieri
et al. 2016) or alteration of the natural drainage (Cava-
lieri et al. 2023); (3) landsliding may occur in the
adjacent steep terrain by strong shaking or by liquefac-
tion at the toes of landslides (Carey et al. 2017); (4)
landslides can produce stream blockage (landslide
dams) that may cause flooding weeks to months
after the earthquake (Fan et al. 2020); (5) tsunami
hazard can be altered by permanent tectonic subsi-
dence of the coast on the hanging wall of the fault.

With this paper we want to enhance the community
awareness of the earthquake hazard in an area typi-
cally perceived as having low hazard due to a lack of
historical large earthquakes in the region. From the
science perspective, further work is needed to resolve
the exact timing of individual earthquakes on the Te
Puninga Fault; the time since the last event; and to
identify whether there is geological evidence of co-
rupture with the Kerepehi Fault.

Conclusions

In this study we provide the first field-based assess-
ment of the seismic potential of the Te Puninga
Fault, Hauraki Plains, Waikato. The fault was pre-
viously considered a segment of the Kerepehi Fault
(Persaud et al. 2016) and its slip rate was based on
comparison with the Kerepehi Fault (Seebeck et al.
2023). New detailed mapping shows that the fault
dips to the west, different from previous results, and
thus the Te Puninga Fault can now be considered an
independent fault to the Kerepehi Fault (ie. they
may not join at depth).

The new slip rate values, based on geomorphic data
and stratigraphic and chronological evidence from
two paleoseismic trenches, show that the fault is
slightly more active than previously considered, with
an average along-fault net slip rate of 0.25 mm/yr.
This new value and a new estimate of M,, for the
fault of 6.9 + 0.35 have been used to derive the first,
but still preliminary, rupture recurrence interval of
6200 years (with a range of 3000-11,500 years). Com-
parisons of geomorphic expression and slip rate values
between the Kerepehi and Te Puninga faults, and with
the Hauraki Rift geodetic extension rates, suggest that
the slip rate currently assigned to the Kerepehi Fault
could be underestimated.

The earthquake magnitude estimated here for the
Te Puninga Fault of M,, 6.9+0.35 is based on a
characteristic earthquake model and is similar to the
previously assigned value of M,, 6.8 (Persaud et al.
2016). If we consider the new methods used in the
2022 NZ NSHM, which allow for multi-fault ruptures,

the Te Puninga Fault could rupture with the Kerepehi,
Mangatangi, Aka Aka, and Pokeno faults in ruptures
that generate earthquakes of M, 7.25—7.45.

The new PGA and MMI estimates for a M,, 6.9
earthquake are only slightly larger than those pub-
lished prior to this study. This M,, would produce
shaking levels of MMI 9 + in Morrinsville, 9 in Te
Aroha, 6 + in Tauranga, and 8 in Hamilton. If a lar-
ger, multi-fault rupture occurred, the damage
would be somewhat larger (Table 2) but the prob-
ability of occurrence of this larger earthquake is
smaller.

Although ruptures of the Te Puninga Fault are
infrequent and will not affect the calculations by
engineers for seismic loads of most building types,
they may affect seismic load estimates and building
location decisions for development of new critical
facilities such as hospitals and emergency response
centres. With this paper we want to enhance the
community awareness of the earthquake hazard in
an area typically perceived as having low seismic
hazard due to a lack of historical large earthquakes
in the region. We recommend that this new infor-
mation is added to the next generation of the CFM
(Seebeck et al. 2023) and the NZ NSHM (Gerstenber-
ger et al. 2022).
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