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Three marine inlets across the southern Hikurangi margin, New Zealand, are investigated for evidence of palacocoseismic
subsidence, a signal associated with great subduction earthquakes. Microfossil analyses and radiocarbon-dated shells from core
samples show that none of the sites have subsided since 2000 cal yr BP. Pauatahanui Inlet has remained at the present elevation
since 7000 cal yr BP, while Big Lagoon and south-eastern Lake Wairarapa both subsided c. 4 m between 6000 and 2000 cal yr
BP. At Big Lagoon most or all of the subsidence was tectonic. At south-eastern Lake Wairarapa, however, sediment compaction
caused some or all of the subsidence. Neither of the subsided sites contain sedimentary or palacoenvironmental transitions
suggestive of sudden, coseismic relative sea-level rise. One possible palacotsunami deposit was found at Big Lagoon, coincident
with a colluvial deposit, and two liquefaction layers were identified in south-eastern Lake Wairarapa.

Keywords: Hikurangi margin; Holocene palacoenvironment; intertidal inlet; New Zealand; subduction earthquake

Introduction

Beneath the southern North Island, New Zealand, conver-
gence between the Australian and Pacific plates occurs along
the northwest-dipping Hikurangi subduction zone plate
interface (Fig. 1A, B, E). Rupture of the subduction
interface potentially represents the greatest seismic hazard
to the central New Zealand region. However, there have
been no subduction earthquakes in historic times (<150
years) and no palacoseismic records of subduction earth-
quakes have been found along the southern Hikurangi
margin. The hazard of subduction earthquakes along the
Hikurangi margin is therefore highly uncertain at present
(e.g. Wallace et al. 2009).

Globally, almost all palaeoseismic records of subduction
earthquakes have been obtained from the coastal zone (e.g.
Atwater 1987; Darienzo et al. 1994; Hemphill-Haley 1995;
Nelson et al. 1996, 2006; Zachariasen et al. 1999; Sawai
et al. 2002; Nanayama et al. 2003; Cisternas et al. 2005;
Melnick et al. 2006; Rajendran et al. 2008). Within the
coastal zone, sea level can be used as a benchmark against
which uplift and subsidence of the upper plate due to
subduction earthquake deformation can be measured.
Evidence for past subduction earthquakes includes subsided

tidal marshes and coral reefs and, elsewhere, uplifted
beaches; both are often associated with synchronous
tsunami deposits. In the central Hikurangi margin sudden
subsidence of intertidal sediments and associated tsunamis
are probable evidence of past subduction earthquakes at c.
5550 and c. 7000 years BP (Cochran et al. 2006; Wallace
et al. 2009). Along the southern Hikurangi margin perva-
sive active upper plate faulting causes coastal deformation
(Fig. 1B, E; Pillans & Huber 1995; Cochran et al. 2007)
making the isolation of subduction earthquake deformation
challenging. In this study we focus upon three coastal inlets
along the southern Hikurangi margin. We obtain Holocene
palaeoenvironmental histories and examine this in the
context of subduction earthquakes, upper plate faulting
and changing sea level.

Tectonic setting

Deformation of southern North Island is dominated by the
effects of oblique convergence between the Australian and
Pacific Plates. The north-eastern South Island lies within the
transition zone between oblique subduction (to the north-
east) and continental transpression (to the southwest,
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Figure 1 Tectonic setting and locality maps of the southern Hikurangi margin. A, Tectonic setting of the southern Hikurangi margin. Pacific
plate motion rates in mma ' from De Mets et al. (1994). Dashed grey lines show depth contours of the subducting plate interface at 15 km
and 40 km. MFS: Marlborough fault system; NIDFB: North Island dextral fault belt. B, Distribution of interseismic coupling at the
Hikurangi margin interpreted from campaign GPS measurements (Wallace et al. 2009). C, Localities and active faults of the southern
Hikurangi margin, encompassing the lower North Island and north-western South Island. Onshore faults are from the New Zealand Active
Faults Database (http://data.gns.cri.nz/af/) and offshore faults are from Pondard & Barnes (2010). The three study areas are shown: Big
Lagoon complex, SE Lake Wairarapa and Pauatahanui Inlet. LK: Lake Kohangapiri; LW: Lake Wairarapa. D, Coastal tectonics of the
southern Hikurangi margin with areas of uplifted and subsided Holocene deposits and uplifted Pleistocene marine terraces. The number
refers to the following references: 1. Marlborough Sounds, Singh (1997, 1998) and Hayward et al. (2010a); 2. Lower Wairau Valley, Brown
(1981) and Ota et al. (1995); 3. South Wellington coast, Begg & Johnston (2000); 4. Miramar Peninsula, Pillans & Huber (1995); 5. Petone,
Stirling (1992); 6. Turakirae Head, McSaveney et al. (2006); 7. South Wairarapa coast, Ghani (1978) and Palmer et al. (1989); 8. Southeastern
Lake Wairarapa, Leach & Anderson (1974) and L. J. Brown (Greater Wellington Regional Council unpublished records, accessed 2006.); 9.
Wairarapa coast, Ota et al. (1988, 1990) and Berryman et al. (1989). E, Simplified cross-section across the lower North Island.
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Fig. 1A). Both regions are dominated by transpressional
northeast-striking dextral strike—slip faults, known as the
North Island Dextral Fault Belt (NIDFB) and the Marlbor-
ough Fault System (MFS, Fig.1A). The offshore accre-
tionary wedge is > 100 km wide adjacent to the lower North
Island and narrows rapidly towards the south (Barnes &
Mercier de Lepinay 1997; Barnes et al. 1998). The plate
interface dips westward beneath the region and lies at
approximately 25 km depth beneath Wellington and Blen-
heim (Fig. 1E).

There are a number of reasons to infer that the
subduction interface beneath the southern North Island is
capable of generating large to great earthquakes. GPS data
shows the plate interface is presently strongly interseismi-
cally coupled (Fig. 1B; Wallace et al. 2004) and seismicity
delineates a c¢. 70 km wide locked zone on the plate interface
across the southern North Island (Reyners 1998). Long-term
geologic data indicate permanent shortening in the upper
plate over the past 5 Ma accounting for only 20% of the
margin-normal plate convergence; the remaining 80% is
assumed to be accommodated by slip on the subduction
interface (Nicol & Beavan 2003).

The most significant regional historical earthquake is the
1855 My 8.2 Wairarapa earthquake which ruptured 120 km
of the Wairarapa Fault and produced uplift and subsidence
along the southern North Island coastline (Fig. 1C; Grapes
1989; Grapes & Downes 1997; McSaveney et al. 2006;
Rodgers & Little 2006). It is possible that the deeper portion
of the subduction interface (18—30 km depth) also ruptured in
this event (Darby & Beanland 1992; Beavan & Darby 2005).

Study locations

The primary criterion for site selection was a history of
Holocene intertidal sedimentation. Secondly, forward elastic
dislocation modelling of a theoretical subduction zone
earthquake was used to guide site selection towards loca-
tions more likely to undergo deformation in subduction
earthquakes (Appendix 1). The largest coseismic subsidence
is predicted to occur in the northern South Island while the
Wellington region contains a mixture of uplift and sub-
sidence due to its location near the down-dip transition from
interseismic coupling to aseismic creep.

In the upper South Island two regions, Marlborough
Sounds and Big Lagoon, were considered to have potential
subduction earthquake records. Hayward et al. (2010a)
studied a number of sediment cores from the Marlborough
Sounds and confirmed a subsidence rate of 0.2-0.8 mm a !
but found no evidence of coseismic events. The Big Lagoon
area, located at the south-eastern side of the Wairau Valley
in the northern South Island (Fig. 1C, 2A), was selected
because it has a historic record of coseismic subsidence (Eiby
1980; Grapes & Downes 1997) and geologic evidence of
Holocene subsidence (Brown 1981; Ota et al. 1995).
Historical accounts following the 1855 M,, 8.2 Wairarapa
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earthquake indicate that 0.6—1.5 m of subsidence occurred
in the lower Wairau Valley, but it is not known if the
subsidence was tectonic or due to soft sediment compaction.
The lower North Island coastline is generally charac-
terised by rocky shore platforms and long-term tectonic
uplift (Fig. 1D). Within this context there is limited scope for
sheltered marginal marine sedimentation. The two study
sites of south-eastern Lake Wairarapa and Pauatahanui
Inlet were selected due to their preserved records of marginal
marine sedimentation and their location away from high
rates of coastal uplift (Fig. 1C, 1D). Unpublished water well
logs indicate that the south-eastern Lake Wairarapa area is
underlain by up to 40 m of Holocene marine sediment and
may have Holocene subsidence rates of 2-6 mm a ~' (dates
obtained by L. J. Brown in 1980 shown in Table 1; records
kept by Greater Wellington Regional Council).
Pauatahanui Inlet has a modern environment of broad
intertidal flats and high tidal salt marshes. The present
ecological conditions are suitable for recording relatively
small changes in sea level (SL), and may have done so in the
past. Previous studies of Pauatahanui Inlet have indicated the
area has been stable or slightly uplifted relative to modern
mean SL in the Holocene (Gibb 1986; Cochran et al. 2007).

Methods

Between two and four cores were obtained from each study
site and most cores were collected using a truck-mounted
hydraulic drill rig. Cores BLI at Big Lagoon and RPC at
Pauatahanui Inlet were collected using a vibracorer. Survey-
ing of all sites was undertaken using a real-time kinematic
(RTK) global positioning system (GPS) with reference to
modern SL markers, such as high tide lines, and geodetic
benchmarks. There are variable uncertainties ranging from
+0.1 m (Big Lagoon and Pauatahanui) to +1 m (Lake
Wairarapa), depending on what calibration points were
used. Sediment compaction was corrected for on the cores
from Big Lagoon and Lake Wairarapa using an estimated
compaction factor based on the Paul & Barras (1998) model.
Compaction increases towards the middle of the sedimen-
tary sequence and reaches a maximum of 10%. Sediment
compaction corrections were not applied to the Pauatahanui
Inlet cores because the sequence contained thick gravel
units, assumed to be incompressible.

The sedimentology of all cores was logged by visual
assessment and macrofauna, pollen, spore, foraminifera and
diatom samples were selected at regular intervals or from
specific units of interest. Palynological samples were initially
treated with hot dilute hydrochloric acid and then treated
with hydrofluoric acid and oxidised for 2—3 minutes with
nitric acid and filtered through a 6 pm filter. All samples
were mounted in stained jelly and one exotic Lycopodium
tablet was added to determine rates of pollen sedimentation
(number of pollen per unit weight of sediment). For diatom
samples, the sediment (c. 1 g per sample) was digested in
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Table 1 Radiocarbon ages obtained from the cores used in this study and the radiocarbon ages from the Pouawha well obtained by L. J.

Brown in 1980.

Sample depth Radiocarbon age B¢ Calibrated age (2-sigma
Core (m) NZA Material dated (yr BP) %) uncertainty)
Big Lagoon complex
BL1 2.45 30260 Single A. stutchburyi 1907 +20 —1.6 15561397
BLI 6.45-6.2 27377 A. stutchburyi fragments 4801 +30 —0.6 52644951
BL6 1.28-1.3 27872 A. stutchburyi fragments 2365+35 —1 2133-1914
BL6 4.57-4.63 27873 Cyclomactra tristi, large 6897435 1.2 75077367
fragments
BL6 8.45-8.49 27874 Cyclomactra tristi, fragments 8024 +35 —-0.3 85968404
BL8 2.27-2.29 27875 A. stutchburyi fragment 2382+35 —-3.7 2146-1931
BLS 4.9-4.92 27876 Maoricolpus roseus 5564+ 30 2.7 6104-5895
BL12 5.36-5.68 27877 Cyclomactra tristi, almost 5269 +30 1.5 5734-5577
complete half
South-eastern Lake Wairarapa
Pouawha 1 3.96 29685 P. australis fragments 3310+40 —4.2 3333-3069
Pouawha 1 10.25 29880 A. stutchburyi fragments 5284 +30 —2.4 5779-5582
Pouawha 1 15.85 29686 A. stutchburyi fragments 6931445 —24 7564-7390
Colton 1 6.74 29782 P. australis fragments 3938 +25 —1 4080-3863
Colton 1 15.93 29783 A. stutchburyi fragments 6086 +25 —-1.9 6645-6454
South-eastern Lake Wairarapa — unpublished water well radiocarbon ages (L. J. Brown, 1980)
Pouawha well 1.5 NZ 5264 Estuarine shells 3575+74 —4.3 3687 — 3332
Pouawha well 10.8 NZ 5265 Estuarine shells 47774136 —1.7 5449 — 4781
Pouawha well 20.5 NZ 5266 Estuarine shells 4867+ 116 —2.2 5509 — 4850
Pouawha well 26 NZ 5267 Estuarine shells 6033+ 86 —-19 6690 — 6285
Pouawha well 35 NZ 5268 Estuarine shells 5253475 —2.1 5850 — 5474
Pauatahanui Inlet
RPA 1.56—6 29687 A. stutchburyi fragments 6547445 0.5 7231-6970
RPA 5.57-5.59 29752 Peat 7521 +85 8416-8047
RPC 2.48 30261 A. stutchburyi fragments 7495425 0.5 80667917

H,0, to remove organic matter and heated in HCI to
remove carbonates. Sand was removed by settling through a
water column. Clay was removed by washing with dilute
sodium hexa-metaphosphate and repeated decanting of
suspended fines. Diatom slides were prepared by drying
small aliquots of suspension onto cover slips and mounting
them in Naphrax diatom mountant. Diatom valves were
identified for each sample using standard reference floras
(e.g. Krammer & Lange—Bertalot 1991, 1999a, 1999b, 2000,
Hartley 1996; Witkowski et al. 2000). Foraminifera samples
of c. 10 cm? were sieved over a 63 pm mesh with the portion
> 63 pum examined for foraminiferal content. Where
possible, approximately 100 benthic foraminifera were
counted and identified with reference to Hayward et al.
(1999).

Radiocarbon samples were dated using the accelerator
mass spectrometry (AMS) technique at the Rafter Radio-
carbon Laboratory, Lower Hutt, New Zealand. All shell
samples were calibrated using the Marine04 calibration
curve of Hughen et al. (2004) with a A 13C of —30+13.
Samples are presented as calibrated radiocarbon years

before present (cal yr BP) with a 2-sigma uncertainty age
range.

Results and environmental interpretation
Big Lagoon stratigraphy
The Big Lagoon complex consists of three connected
lagoons: Big Lagoon, Upper Lagoon and Chandlers Lagoon
(Fig. 2A). One core was collected from the southern margin
of Big Lagoon (BL6) and three were collected from the
margins of Chandlers Lagoon (BL1, 8 and 12); the cores
reached depths of 6-10 m (Fig. 3). Seven radiocarbon ages
have been obtained from the Big Lagoon complex cores
(Fig. 3, Table 1). Ages range from c. 1500 to 8500 cal yr BP
(Table 1). A detailed modern analogue study of the Big
Lagoon complex, along with the foraminiferal and diatom
analyses of the Big Lagoon cores, has been described in
Hayward et al. (2010b); the core stratigraphy is therefore
only briefly described here.

Gravels and coarse sands are at the base of most Big
Lagoon cores. In BL6 and BL8 the gravels are non-
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marine terraces™

Figure 2 Shaded digital elevation maps of the three study sites. A, Map of the Big Lagoon complex in the lower Wairau Valley, see Fig. 1C
for location. The four drill locations are shown along with the topography and onshore location of the Vernon Fault. B, Core locations
within the lower Wairarapa Valley. Topography and active faults are shown (WF: Wairarapa Fault). The dotted white line indicates the
course of the Ruamahanga River (note the locations of the natural and artificial river courses). Stippled light grey areas indicate Pleistocene
marine terrace surfaces. PW: Pouawha Well. C, Map of the Pauatahanui Inlet area with the four drillcore locations. Also shown in light grey
are the modern salt marsh areas and the Ohariu Fault trace. PO: Pauatahanui Orchard core.

fossiliferous, and in BL12 shell fragments occur. The BL1
core ends within silt but deeper probing indicates there are
gravels at 10 m depth. Overlying the coarse basal sediments,
and up to ¢. 2.5 m depth, are blue-grey silt and silty sand
units with scattered shells; the shells are typically estuarine
species such as Austrovenus stutchburyi and Cyclomactra
tristi. Foraminifera assemblages containing Elphidium
advenum and Haynesina depressula indicate a low-tide to
subtidal environment, while diatoms suggest there was an
open connection to the ocean (Fig. 3). At 5-3 m depth in all
cores the foraminifera assemblages become dominated by
Ammonia aoteana and H. depressula, indicating an intertidal
environment; diatoms indicate that an open tidal connection
to the ocean was maintained.

At 3.1 m depth in BL6, a silty clay unit and a coarse
sand unit occur within the intertidal silt sequence; both
units are bounded by sharp contacts. The silty clay has an
anomalous diatom assemblage that represents a fluctuat-

ing environment or a mixed source influx event and the
pollen assemblage is indicative of deposition in a terres-
trial environment. The clay is barren of foraminifera, in
contrast to surrounding units that have intertidal forami-
nifera. The overlying coarse sand at 3.09-2.75m depth
contains shell hash and has a clay matrix.

Within the upper 2.5 m of all cores is a transition to more
variable, slightly coarser, orange-brown silt and sand units
that do not have shells or foraminifera (except in BL1).
Diatoms indicate limited to no connection to the open
ocean and pollen is consistent with a decreasing marine
influence. At 2.5-0 m depth in BLI1 agglutinated foramini-
fera assemblages are dominated by Ammotium fragile and
Haplophragmoides wilberti, typical of intertidal to high tidal
environments with fluctuating salinities (Hayward et al.
2010b). In BL6 an influx of brackish-marine diatoms
at 0.5m depth occurs within a unit otherwise dominated
by brackish, indifferent and soil diatom taxa. The top
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Figure 3 Stratigraphy and palacoenvironmental interpretations of cores from the Big Lagoon complex (see Fig. 2 for the core locations). The
first column for each core shows the grain size and presence of wood or shells along with the locations of radiocarbon ages. Columns 1-6
refer to different palacoenvironmental data (see legends for further information); note not all cores have the same data available. In the
middle of the figure the generalised palacoenvironmental interpretation is shown; light grey dashed lines indicate correlations between the

cores. Table 1 provides radiocarbon sample details.

0.2—0.3 m of each core in the Big Lagoon complex consists
of soil A horizon. At the top of cores BL12 and BL8 are two
A-horizons separated by a thin (2—5 c¢cm) silty clay unit. The
lower soil in BL8 at 0.28—-0.10 m depth has pollen of a
freshwater environment nearby, while the overlying silt
contains diatoms and pollen indicative of a salt marsh
environment with occasional exposure to brackish water.

Big Lagoon palacoenvironments

The basal gravels in all cores are at variable elevations
reflecting pre-existing topography (Fig. 3). The non-
fossiliferous gravels of BL6 and BL8 are probably of
fluvial origin, representing an early Holocene alluvial
plain. The shelly gravels of BL12 probably represent a
transgressive shoreline. Rising early Holocene SL saw
inundation of the Big Lagoon area. This occurred at the

earliest at BL6 at c. 8500 cal yr BP and later at BL12 and
BL8 where the deepest dated marine sediments are 5600
and 6000 cal yr BP, respectively. The overlying silts and
silty sands represent the subtidal environments of a
sheltered inlet with a tidal connection to the open ocean.
At depths between 3and 5m, all cores show a transition
to an intertidal brackish inlet. This is dated at c. 5000 cal
yr BP at Chandlers Lagoon and c. 7000 cal yr BP at Big
Lagoon.

Within the intertidal sequence of BL6 is the anomalous
silty clay unit at 3.1 m and the overlying coarse sand and
shell hash. The silty clay, with its unusual (perhaps
terrestrial) pollen and diatom assemblages, may be collu-
vium from the nearby hillslopes, perhaps shed during an
earthquake. The chaotic and poorly sorted sand could be
a palaeotsunami deposit. Neither the anomalous silty clay
or the chaotic coarse sand and shell hash have unique and



unambiguous signs of colluvium and tsunami deposition.
However, their coupling suggests that a single event
produced them. An earthquake explains slope collapse
and marine inundation at the same time; the possible
earthquake is not associated with a detectable relative SL
change.

The transition at c. 2.5 m depth in all cores, associated
with a change to coarser, non-fossiliferous silty sands and
dated at c. 2000 cal yr BP, probably represents a change
from an open to a closed lagoon. In BLI this is recorded
by the change to agglutinated foraminifera. Hayward et al.
(2010b) suggest the Wairau River changed course: instead
of flowing into Big Lagoon it cut though the gravel
barrier to the north thus diverting the strong currents of
the Wairau River away from the water body of Big
Lagoon.

The double A-horizons separated by clays at the top of
BL12 and BL8 may represent subsidence associated with
the 1855 earthquake (Fig. 3). The brackish silt between the
soils contains introduced Pinus pollen, indicating deposi-
tion after the time of European occupation (i.e. post-
1840). Alternative explanations for the buried soils include
alteration of the drainage pattern in the area or recent
SL rise (Gehrels et al. 2008). This same event may
be associated with the anomalous diatom assemblage at
0.5 m depth in BL6.

Lake Wairarapa stratigraphy

Two cores were collected from the south-eastern side of
Lake Wairarapa at Colton and Pouawha (Fig. 2B); both
cores reached 18.3 m depth (Fig. 4). At 18.3—4 m depth,
the Pouawha core consists of silt, clay and silty fine sand
with scattered layers of articulated A. stutchburyi and
Limnoperna securis shells (Fig. 4). L. securis is a small
mussel species that typically lives attached to hard surfaces
at low tide level, although it has been recorded as living at
2 m depth in a sandy lagoon (Hayward & Morley 2004).
Two horizons c. 0.2 m thick of pervasively deformed
sediments occur within the Pouawha core at 15.5 and 17.5
m, but otherwise the sediments are horizontally bedded
(Fig. 5). The foraminiferal samples from Pouawha show
generally either poor fossil occurrence or low preservation
(Fig. 4), but at two intervals of c. 7-9 m depth and 15—
16.5 m depth are clusters A. aoteana. A diatom sample at
18.1 m is dominated by Cyclotella menghiniana, Cocconeis
placentula and Achnanthes pusilla, species associated with
fluvial to fresh-brackish environments. Up core, the
diatom assemblages at 4, 7.6 and 10.9 m are dominated
by brackish-marine species such as Catenula adhaerens,
Cocconeis spp. and Melosira spp. These taxa indicate a
brackish marine estuarine environment with limited mar-
ine connectivity. From 18.3m to 5.5 m depth, the Colton
core consists of laminated to massive blue-grey clay with
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scattered to rare shells. Foraminifera preservation is poor;
only three samples between 9m and 13m depth yielded
intertidal foraminifera (4. aoteana and E. excavatum).

At approximately 4 m depth in both cores is a
transition to more variable and slightly coarser sediments:
alternating clay, silt and fine sand units with no shells or
foraminifera. A pollen sample from Pouawha at 0.68 m
depth indicates a freshwater environment with abundant
sedge pollen, consistent with a non-marine floodplain
environment.

Lake Wairarapa palaeoenvironments

The silts and silty fine sand below 4 m depth in the
Pouawha core are similar to modern sedimentary environ-
ments found in Lake Onoke (see facies descriptions in
Woolfe 1993). Lake Onoke, located on the coast 14 km
south of Lake Wairarapa (Fig.4), is separated from the
sea by a gravel barrier. The water level, tidal exposure and
salinity of the lake fluctuate depending on the interplay
between storm waves, sediment supply and river input. We
suggest the Pouawha palacoenvironment from 18.3-4 m
was of an estuary or sheltered inlet similar to Lake
Onoke; this would explain the patchy occurrence of
marine microfossils as salinity levels probably varied.
The deformed sediment units at 15.5m and 17.5 m in
the Pouawha core probably represent some type of
disturbance event such as liquefaction, submarine land-
sliding or intense bioturbation (Fig. 5). The Colton core is
finer grained and more homogenous than Pouawha; we
suggest the Colton sediments represent a deeper or more
sheltered part of an inlet or estuary relative to Pouahwa.
Radiocarbon ages show the marine-influenced sediments
of Pouawha 1 and Colton 1 span the mid-Holocene from
c. 7400 to 3200 cal yr BP.

The coarser, more variable sediments above 4 m depth
in both cores are probably from a fluvial or overbank
flooding environment. In the Pouawha core the transition
occurs at c. 3200 cal yr BP; in the Colton core it is after
c. 3950 cal yr BP (Fig. 4). Leach & Anderson (1974) also
found evidence for a palacoenvironmental change from
marine to non-marine in the Lake Wairarapa area at
approximately 3400 cal yr BP. Our data are consistent
with Leach & Anderson (1974) although they suggest the
transition may have occurred later at 3200 cal yr BP;
however, the transition from marine inlet to fluvial may
have been diachronous across the region.

Pauatahanui Inlet stratigraphy

Four cores, referred to as Pauatahanui Orchard, Ration
Point A (RPA), Ration Point B (RPB) and Ration Point C
(RPC), were obtained from the north-eastern margins of
Pauatahanui Inlet (Fig. 2C, 6). The Pauatahanui Orchard
core, reaching a depth of 5.4 m, was obtained from the
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Figure 4 Stratigraphy and palacoenvironmental interpretations of cores from south-eastern Wairarapa. See Fig. 3 for the stratigraphy legend
and Fig. 2 for the core locations.

margins of the salt marsh. Consisting of very stiff, weathered fluvial and/or loess deposits. No marine sediments were
silt and silty sand units, the Pauatahanui Orchard core evident so there were no prospects of obtaining a relative
sediments are interpreted as representing last glacial SL record.
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Figure 5 Core photos and sketches of the disturbed sedimentary horizons within the Pouawha core from south-eastern Lake Wairarapa. The
deformation in the core on the left is likely to be related to seismic shaking, the deformation in the core on the right has some features that
could be related to bioturbation but it may also be seismic shaking-induced.

Both the RPA and RPB cores were located at the seaward
edge of a relict sand ridge. The RPA core reached a depth of
5.6 m; however, the core was not collected from 2.9 to 4.8 m
because it was gravel (Fig. 6). The RPB core was collected
approximately 10 m away from RPA and reached a depth of
4.2 m; the upper 1.1 m of anthropogenic fill was not collected.
Sediment from the base of the cores up to 2 m depth in RPA
and 1.8 m depth in RPB consists of alternating decimetre-
scale peat, silty sand and poorly sorted gravel units; there are
sharp contacts between the units and unit thicknesses
are variable (most gravel units cannot be correlated between
the cores). Foraminifera are absent but rare diatoms species
such as Tryblionella levidensis and Cocconeis placentula in
RPA suggest a fresh to fresh-brackish environment. The
broken and etched nature of many of the pollen grains
indicates an active depositional environment with either tidal
or fluviatile currents. In cores RPA and RPB, silty fine
sand with scattered A. stutchburyi and Paphies australis
shell fragments occur at 2—1.5m and 1.8-1.1 m depth,
respectively. Intertidal foraminifera such as Ammonia spp.
are present, as are rare tidal flat diatom species (Fig. 6).

The RPC core was collected from mid-low tide elevation
at the south-eastern side of Ration Point and reached 5.4 m
depth (Fig. 6). The basal part of the core (and up to 3.4m) is
mud and sand with occasional wood fragments and pebbles;
foraminifera are absent. From 3.4 m depth to the top of the
core are sand and sandy mud units with scattered to
concentrated beds of estuarine shells such as A. stutchburyi,

P. australis and Mactra ovata. Ten foraminifera samples from
3.2 m depth to the top of the core indicate a marine history of
initially intertidal sedimentation deepening to subtidal and
then shallowing to intertidal (Fig. 6).

Pauatahanui Inlet palacoenvironments

We suggest the alternating peat, silt and gravel units in the
lower parts of core RPA and RPB represent marshlands
(peat) subject to periodic flooding of the nearby Horokiri
Stream, which deposited the sands and gravels (Fig. 6). Peat
at the base of RPA has an age of 8047-8416 cal yr BP, a time
when SL was 10+ 5 m below present mean SL (Table 1, Fig.
6). The silty shelly sediments in the middle sections of RPA
and RPB represent an intertidal inlet palaecoenvironment.
A shell radiocarbon age of 7231-6970 cal yr BP within the
intertidal sediments of RPA coincides with the culmination of
SL rise in the New Zealand region. The upper part of both
cores consists of flood gravel and anthropogenic fill.

The lower part of the RPA core up to 3.4 m depth is
interpreted to be fluvial sediment because it contains wood
fragments and no foraminifera. An age of 80667917 cal yr
BP was obtained from 2.48 m at the boundary between the
intertidal and subtidal facies (Table 1, Fig. 6); this sample pre-
dates the SL rise culmination by approximately 500—1000
years. The overlying shell and foraminifera-bearing sands
and muds represent a deepening then shallowing inlet
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environment, reflecting sediment infilling under rising and

stabilising SL.

Discussion

Evidence of subsidence
In this section we compare the ages and elevations of the
marine sediment to the regional SL curve to determine if
there has been any net subsidence at the study sites in the
Holocene. Some amount of relative SL rise should be
recorded in the stratigraphic record if there is either (1)
coseismic subsidence and not all the subsidence is recovered
during the intersesimic period, or (2) rising SL (i.e.
submergence), creating accommodation space (Fig. 7A-7C).
In the New Zealand region, SL reached present levels at
approximately 7500 to 7000 cal yr BP (Gibb 1986; Clement
et al. 2008, 2010). Prior to that time, SL had been rising
rapidly at rates of around 9-10 mm a ! (Fig. 8). From 7000
cal yr BP to present, the Gibb (1986) SL curve suggests SL has
remained approximately stable. However, a recent review of
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New Zealand SL data by Clement et al. (2008, 2010) suggests
that SL stabilised at 7550 cal yr BP and was 0.5—1 m higher
than modern mean SL from 7550 to 2000 cal yr BP. Further
studies also suggest there may have been a 1.2—1.5m mid-
Holocene highstand in New Zealand (Schofield 1960; Hicks
& Nichol 2007; Kennedy 2008), consistent with other studies
from the southwest Pacific (e.g. Sloss et al. 2007; Switzer et al.
2010). There has also been a SL rise of c. 0.1 m since 1500 AD
and a c. 0.25 m rise in SL during the past 100 years in New
Zealand (Gehrels et al. 2008). We present the SL curves of
Clement et al. (2010) and Gibb (1986) in Fig. 7 to compare
with the results of this study.
Subsidence was calculated as:

Subsidence = [present elevation of C'* sample + preferred living
depth of dated mollusc + sediment compaction] — [SL at time of

mollusc death].

The parameters used to calculate net subsidence are listed in
Table 2 and the elevation of the samples relative to past SL is
shown in Fig. 8. We assume the dated molluscs are preserved
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with complete interseismic recovery of coseismic subsidence, rising SL will help to preserve evidence of the event.
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Table 2 Parameters used to calculate the elevation of all radiocarbon samples relative to modern mean sea level (used in Fig. 7).

Estimated Sample
Sample Core top Sample Living depth  Total thickness sediment elevation+living
depth in  elevation (m  elevation of shell of compactable Compaction compaction depth + sediment

Core core (m) am.s.l) (mam.s.l) species sediment (m) ratio (m) compaction
BL1 —6.2 0.6540.1 —5.55 —0.54+0.5 10 0.08 0.8 —4.2540.5
BLI —2.45 0.65+0.1 —1.8 —0.54+0.5 10 0.06 0.6 —0.7+0.5
BLC6 —1.29 0.6540.1 —0.64 —0.54+0.5 9 0.06 0.54 0.440.5
BLC6 —4.6 0.6540.1 —3.95 —1+1 9 0.1 0.9 —2.05+1
BLC6 —8.46 0.65+0.1 —7.81 —1+1 9 0.02 0.18 —6.63+1
BLC8 —2.28 0.98+40.1 —1.3 —0.54+0.5 5 0.1 0.5 —0.34+0.5
BLC8 —4.95 0.9840.1 —-3.97 0+1 5 0 0 —397+1
BLCI12 —5.38 1.240.1 —4.18 —1+1 5.5 0 0 —3.18+1
Pouawha —3.96 2.24+1 —1.7 —1+1 40 0.04 1.6 09+1.4

1
Pouawha  —15.85 2.24+1 —13.6 —0.5+0.5 40 0.08 32 —99+1.1

1
Pouawha —10.25 2.24+1 —8.0 —0.54+0.5 40 0.065 2.6 —49+1.1

1
Colton 1 —6.74 2+1 —4.7 —1+1 40 0.06 2.4 —13+14
Colton 1 —15.93 2+1 —13.9 —0.5+0.5 40 0.08 32 —10.2+1.1
RPA —1.58 0.5+0.1 —1.1 —0.5 +0.5 0 —0.6+05
RPA —5.58 0.540.1 —5.1 Peat 0 —5.140.1
RPC —245 —-0.3403 —2.8 —0.5+0.5 0 —2.340.6

in their living positions. In most cases the molluscs are well
preserved and consistent with the depositional depth of the
surrounding sediment as determined by foraminifera (e.g. 4.
stutchburyi living within sand containing intertidal foramini-
fera assemblages) so we are confident there is no reworking.
An exception to this is a Maoricolpus roseus sample from
BLS, a species that typically lives subtidally. The surrounding
sediment is more consistent with a beach environment, so we
assign this sample a ‘living’ depth of 0 +1 m.

At Big Lagoon, the two >7000 cal yr BP samples from
the BL6 core do not indicate subsidence (Fig. 8). Given the
considerable uncertainty in the SL curve prior to 7000 cal yr
BP, however, we do not draw any conclusions regarding
tectonic uplift or subsidence from the older ages. Elevation
and age relations of samples obtained from the Big Lagoon
cores show (3.2+1)—(4.24+0.5) m of subsidence occurred
between approximately 6000 and 2000 cal yr BP (Fig. 8). If
there was a 1 m highstand during this period then the total
subsidence may have been up to 5.2+0.5 m (Fig. 8).

There has been no tectonic subsidence in the past 2000
cal yr BP except for the effects of 1855 Wairarapa earth-
quake, discussed below (Fig. 8).

The three radiocarbon ages from Pauatahanui Inlet
indicate there has been no tectonic subsidence of this area
during the Holocene. An estuarine shell in RPC at 2.34+0.6
m depth was deposited during a period of rising SL at c.
8000 cal yr BP; it is therefore consistent with Holocene
stability (Fig. 8). An estuarine shell in the RPA core dated
¢.7000 cal yr BP is presently located near mean SL,

indicating no vertical tectonic movement since SL stabilisa-
tion (Fig. 8).

In the south-eastern Lake Wairarapa area, the oldest
sample (7564-7390 cal yr BP) comes from the Pouawha
core. It has an elevation of —9.941.1 m a.m.s.l.; this falls
within the SL curve envelope of Gibb (1986) but is
approximately 10 m below the SL curve envelope of
Clement et al. (2008); Fig. 8). Without better clarification
of SL at this time, this sample has an ambiguous subsidence
signal. Mid-Holocene radiocarbon samples suggest there
may have been up to 10+ 1.1 m of subsidence (Fig. 8). A
shell dated at 5799-5582 cal yr BP from Pouawha 1 has a
corrected elevation of -4.9+ 1.1 m a.m.s.l. and a shell dated
at 6645-6454 cal yr BP in the Colton 1 core has
a corrected elevation of —10.2+1.1 m a.m.s.]. Both dated
specimens were intertidal shells (4. stutchburyi) and, in the
case of the Pouawha 1 core, the sample was surrounded by
intertidal foraminifera. These data suggest that 4.9+1.1 m
of tectonic subsidence occurred at the Pouawha site during
c. 5600-3200 cal yr BP, and that 10.2 + 1.1 m of tectonic
subsidence occurred at the Colton site during 6500—-4000 cal
yr BP. However, particularly for the Colton 1 core, the
palaeoenvironmental control on the dated samples is weak.
There is a possibility that the samples were from a subtidal
environment, in which case an accurate estimate of the
amount of tectonic subsidence cannot be made. Samples
younger than 4000 cal yr BP indicate no late Holocene
tectonic subsidence at south-eastern Lake Wairarapa
(Fig. 8).
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Figure 8 Age and elevation (plus uncertainties) of radiocarbon samples from the Big Lagoon complex, south-eastern Lake Wairarapa and
Pauatahanui Inlet cores relative to the New Zealand SL curve. The grey shaded area represents the calibrated ages from Gibb (1986) and the
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In the Big lagoon area, the mid-Holocene subsidence is
most likely of tectonic origin; we have good palacoenviron-
mental control and have made reasonable assumptions
about the amount of compaction. In the Lake Wairarapa
area, the mid-Holocene subsidence signal could be entirely
due to sediment compaction. Water well data shows there is
approximately 40 m of silty sandy sediment overlying
gravels at the Pouawha and Colton core site; the gravels
are approximately 8 m thick and are then underlain by
another 40 m of silty sandy sediment. While our calculations
of subsidence in the Colton and Pouawha cores take into
account up to 10% sediment compaction in the upper 40 m
of silt, we have no method of estimating the ongoing
compaction of the deeper, pre-Holocene sediment. This
compaction may be responsible for the apparent subsidence
of the Holocene sediments.

Evidence of coseismic events

Evidence of coseismic events may be recorded by sudden
changes in relative SL and/or palacotsunami deposits (e.g.
Nelson et al. 1996; Clague 1997; Cisternas et al. 2005).
Supporting evidence may include liquefaction of sediments
and landsliding. There has been Holocene tectonic sub-
sidence at Big Lagoon but there is no evidence of coseismic
subsidence, except for in the upper 0.5 m of cores BL6, BL8
and BLI12 where subsidence of <0.2 m is probably
associated with the 1855 Wairarapa earthquake. The deeper
sections of the Big Lagoon cores contain sediment deposited
between 6000 and 2000 cal yr BP when the radiocarbon ages
and palaeoecology imply there was (3.2+1)—(4.2+0.5) m of
subsidence. If this subsidence occurred coseismically we
would expect a palacoenvironmental signal of SL sudden
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rise. The core data actually suggest a general trend of
gradual relative SL lowering as the palaeoenvironments
progress from subtidal to intertidal to high tidal and
terrestrial (Fig. 3).

Two possible interpretations regarding the mid-Holocene
(6000 and 2000 cal yr BP) tectonic subsidence in the Big
Lagoon complex are: (1) the tectonic subsidence of Big
Lagoon occurred gradually and at slower rates than
sediment infilling, thus relative SL rise is not detectable;
or (2) tectonic subsidence of Big Lagoon, by events on
upper plate faults or the subduction interface, occurred
coseismically but our core locations did not capture
suitable palacoenvironments to record the changes. The
temporal variability in subsidence (i.e. no subsidence in
the past 2000 years but high rates from 2000—-6000 cal yr
BP) suggests it does not have a gradual and, by inference,
continuous cause. The insensitivity of our palaeoenviron-
ments is a more likely reason for the lack of events. For
the purpose of this type of study we would prefer to have
captured palacoenvironments containing fauna and flora
with narrower depth and salinity tolerances and greater
sensitivity to SL changes (e.g. high water to extreme high
water environments), but our cores mostly captured
intertidal environments.

At Big Lagoon we can use palacoenvironmental control
to place constraints on the maximum amount of displace-
ment by past earthquakes. Most of the Big Lagoon cores
consist of intertidal deposits that have a depth range of 0.65
to —0.65 m (based on a spring tidal range of c. 1.3 m).
Therefore a coseismic subsidence event would have to
cause > 1.3 m of subsidence to alter the environment to a
degree that we could reliably detect in our palaeoenviron-
mental analysis (Fig. 7D-7F). This assumes that post-event
sediment mixing has not erased or blurred the event horizon.
As a result, we can be confident that no coseismic subsidence
events causing greater than > 1.3 m occurred at Big Lagoon
in the past ¢. 7000 years. Elastic dislocation models of a
subduction rupture (Appendix) estimate that c. 1.3 m of
subsidence may occur given a 1300 year recurrence earth-
quake. Our results suggest subduction earthquakes may
have a recurrence interval <1300 years along the southern
Hikurangi margin, although this is contingent on the
dislocation modelling being a true reflection of past upper
plate deformation and relies on negative evidence of no large
subsidence events.

The single probable coseismic subsidence event seen in
this study is from the upper parts of the Big Lagoon cores.
The event is marked in BL8 and BL12 by a 2 cm silt layer
overlying a palaeosol (Fig. 3). Pollen evidence of introduced
tree species confirms it happened in historic times (post-
1830s in the Wairau Valley region). The amount of
subsidence at BL12 was <0.15 m and <0.1 m at BLS
(the depth between the present ground surface and the upper
contact of the buried soil; Fig. 3). These measurements are
significantly less than the historical accounts of 0.6—1.5 m of

subsidence around the Big Lagoon area following the 1855
earthquake (Grapes & Downes 1997). Hayward et al.
(2010b) observed a subsided peat soil near the north-western
margin of Upper Lagoon that attests to 0.5 m of subsidence
in a very localised area; they suggest this was liquefaction-
related subsidence in the 1855 earthquake. Our results of
<0.15 m of subsidence over the wider area add support to a
locally variable mode of subsidence in 1855 such as sediment
compaction or liquefaction, rather than a more regional
tectonic subsidence signal.

Within the BL6 core at Big Lagoon there is evidence of an
event at ¢. 3 m depth, but it is not associated with a relative SL
change. At 3.1 m depth is a silty clay unit with anomalous
diatom, pollen and foraminifera assemblages, overlain by a
coarse sand and shell hash (Fig. 3). We suggest this may be a
colluvial layer overlain by a tsunami deposit. If correct, the
coseismic unit may be associated with a subduction earth-
quake that produced shaking and a tsunami but no sig-
nificant upper plate subsidence, or it could have been caused
by an event on a nearby upper plate fault. Both the Wairau
and Vernon Faults have been active during the Holocene so
are candidates for causing strong shaking at Big Lagoon
(Zachariasen et al. 2006; Pondard & Barnes 2010).

A similar result is obtained from the south-eastern Lake
Wairarapa cores where Holocene subsidence has occurred,
but we cannot determine if the subsidence was gradual or
coseismic because our palacoenvironmental data cannot
resolve small changes in relative SL. We do however observe
that the stratigraphy of the Lake Wairarapa cores are
remarkably homogenous, with the exception of two hor-
izons of deformed sediment in the Pouawha core at 15.4 and
17.5 m depth (Fig 4, 5). An explanation for deformed
sediment is disturbance due to seismic shaking, although the
horizon at 17.5 m displays some features also characteristic
of bioturbation (Fig. 8). A radiocarbon age of 7390—7564 cal
yr BP at 15.85 m depth suggests the deformed horizon at
15.4 m may be close to 7100 cal yr BP, coinciding with the
timing of a probable subduction earthquake along the
central Hikurangi margin (Cochran et al. 2006). It also
coincides with the time range of a likely seismic event
recorded in Lake Kohangapiripiri, 70 km east-southeast of
Lake Wairarapa (Fig. 1C, Cochran et al. 2007). An
equivalent deformed horizon at c. 7100—7400 cal yr BP is
not seen in the Colton core, possibly because the core does
not cover that age range or due to its generally higher clay
content making it more cohesive.

There is no evidence of coseismic events within the
Pauatahanui Inlet cores. No net subsidence is recorded and
the thin sequence of intertidal sediments within RPA and
RPB do not contain sufficient microfossils to undertake
high-resolution SL studies. In RPC the sequence of inter-
tidal-subtidal-intertidal is consistent with valley infilling
under SL transgression and stabilisation.

The results presented here are the first advances towards
understanding the plate interface palacoseismicity along the



southern Hikurangi margin. While no unequivocal subduc-
tion earthquakes have been identified, a number of interest-
ing events in the palacoenevironmental history of the
intertidal inlets have been identified; each of these are worthy
of further investigations. With the positive identification of
metres of mid-Holocene subsidence at Big Lagoon and at
south-eastern Lake Wairarapa, these two areas have the
greatest potential for preserving evidence of subduction
earthquakes. This is particularly true if more marginal
marine palacoenvironments can be located in the geologic
record. The greatest contrast between the southern Hikur-
angi margin and other subduction margins with long
palaeoseismic records such as Cascadia, southern Chile and
Sumatra is the complexity of upper plate faulting. The best
method to overcome this will be to obtain widespread
evidence of subduction earthquakes that can be correlated
across the various upper plate fault blocks. If only localised
evidence of tectonic subsidence is recognised (i.e. within one
fault block) then the timing of the subsidence event could be
compared to nearby upper plate faults to determine if they
are coincident (e.g. see the comparisons in Cochran et al.
2007). Subsidence events anti-correlated to upper plate fault
ruptures could be an indicator of a subduction zone event.

Conclusions

We have investigated the Holocene palacoenvironmental
histories of three intertidal inlets across the southern
Hikurangi margin. Evidence of subsidence which occurred
between c. 6000 and 2000 cal yr BP was found at Big
Lagoon in the lower Wairau Valley and the south-eastern
Lake Wairarapa area. There have been no elevation changes
at all three sites during the past 2000 cal yr BP. At Big
Lagoon, the mid-Holocene subsidence was tectonic in origin
but we cannot determine if it was gradual or coseismic. If it
was coseismic, however, palacoenvironmental constraints
imply there was probably < 1.3 m of subsidence per event.
The occurrence of anomalous sediments at 3 m depth in one
Big Lagoon core (BL6) may be related to a local earthquake
that caused a tsunami and groundshaking, but no
subsidence. In the south-eastern Lake Wairarapa area, the
mid-Holocene subsidence could be tectonic or related to
sediment compaction. A deformed sediment horizon dated
c. 7100 years may be related to widespread seismic shaking,
possibly correlated to a subduction earthquake along the
central Hikurangi margin. No net Holocene tectonic defor-
mation was found at Pauatatahanui Inlet.

Supplementary data: Tables of all microfossil data are
available in Supplementary Files 1-3.
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Appendix 1

Dislocation modelling showing the coseismic vertical deformation
(in metres) predicted for a subduction interface rupture event along
the southern Hikurangi margin. This model is based upon current
GPS-derived plate motion deficits on the plate interface and models
a 500-year recurrence interval. If the recurrence of such events was
longer (e.g. 1000 years), then the vertical displacements would be
proportionally greater. Two models are depicted in Figure Al.1
due to the uncertainty in the degree of coupling in the offshore
region beneath Cook Strait and offshore of the Wellington region.
Figure A1.1A is based on a coupling model from Wallace et al.
(2008) and Fig. A1.1B is based on a coupling model from Wallace
et al. (2009). Both of the couplings behind these two vertical
deformation models fit the onshore GPS velocities equally well.
Each of these events would involve as much as 8—10 m of slip on
the interface and would be of magnitude >M,, 8.3, depending on
the total slip and area ruptured in the event.
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