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Abstract: We analysed numerous soft-sediment deformation structures (SSDS) identified in
seven unconsolidated, up to 8-cm thick, siliceous tephra layers that had been deposited in ~35
riverine-phytogenic lakes within the Hamilton lowlands, northern North Island, New Zealand,
since 17.5 calendar (cal) ka BP. Based on sediment/tephra descriptions and X-ray computed
tomography scanning of cores taken from ten lakes, we classified these SSDS into elongated
load structures (i.e., down-sagging structures) of different dimensions, ranging from millimetre-
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to decimetre-scale, and centimetre-long dykes. Down-sagging structures were commonly
manifested as intrusions of internal tephra beds of very fine to medium sand into underlying
organic lake sediments. The tephra layers commonly exhibited an upper silt bed, which was not
directly affected by deformation. Dry bulk density and grain size distribution analyses of both
the organic lake sediment and the internal tephra beds provided evidence for the deformation
mechanism of down-sagging structures and their driving force: the organic lake sediment and the
upper silt bed are less liquefiable, whereas the very fine to mediun. »and internal tephra beds are
liquefiable. The tephra layers and encapsulating organic lake sec.'me.ts formed three-layer (a-b-
a) density systems, where ‘a’ denotes the sediment unit of 1hw.r density. We infer that
downward-directed deformation was favoured by the a-.-a r ensity system with the upper, less-
liquefiable, silt bed within the tephra layer preven’iny tipward intrusion during the liquefaction
process. The spatial distribution and ages of s: DS within the lakes provided some evidence that
liquefaction of the older tephra layers, . 2., Rercwhakaaitu, Rotorua, and Waiohau tephras,
deposited 17.5, 15.6, and 14 cal ka BI", repectively, was triggered by a seismic source to the
northeast of the Hamilton lowlar ds {i.e., Kerepehi and/or Te Puninga faults). In contrast, the
liquefaction of the younger ionhra layers, i.e., Opepe, Mamaku, and Tuhua tephras, deposited
10.0, 8.0, and 7.6 cal «.. B, respectively, may have been triggered by movement on local faults
within the Hamilton lowiands, namely the Hamilton Basin faults, or by distant faulting at the

Hikurangi subduction margin east of North Island.

Keywords: Soft-sediment deformation structures (SSDS); tephra; liquefaction;

paleoearthquakes; Kerepehi Fault; Te Puninga Fault



1. Introduction

Soft-sediment deformation structures (SSDS) occur in unconsolidated sediments during
or shortly after their deposition, and before significant diagenesis (Owen et al., 2011). Common
SSDS include water-escape and injection structures, load structures, convolute laminations,
deformed cross-bedding, slumps, and collapse structures (Obermeier, 1996; Rodriguez-Pascua et
al., 2000; Kang et al., 2010; Owen and Moretti, 2011; Mazumder et al., 2016). Water-escape and
injection structures are commonly formed when sediment is transp.ted upwards by the
expulsion of water during the process of fluidisation and liquefac.or,, resulting in dykes, sills,
disk-and-pillar structures, and sand volcanoes (Owen et al., 2011). Liquefaction describes the
loss of grain contacts and a temporary transfer of grain w~ignt to the pore fluid under undrained
conditions, and is seen as the most common mech.rsr for the formation of dykes (Nichols,
1995).

Downward-directed SSDS occui =ither from mainly passive collapse of overlying
materials into fissures and cracks, caus 'd oy extensional tectonics or glaciogenic processes (i.e.,
neptunian dykes) (Obermeier, 1°'96; 3ektas et al., 2001; Montenat et al., 2007; Moretti and
Sabato, 2007; Fortuin and Nacrir,, 2008; Kang et al., 2010; EI Taki and Pratt, 2012; Basilone et
al., 2016; Lunina and Gi>akuv, 2016; Mazumder et al., 2016; Ozcelik, 2016; Gavrilov, 2017), or
from liquefaction in reverse density gradient systems forming load structures (Anketell et al.,
1970; Owen, 2003; Gladkov et al., 2016; Belzyt et al., 2021). Reverse density gradient systems
are denoted as b-a density systems, where ‘a’ refers to the sediment unit of relatively lower
density (Anketell et al., 1970). Load structures are common in two-layer b-a density systems, but
have only been sparsely reported in three-layer a-b-a density systems, where a dense sediment is
interlayered between members of relatively lower density (Moretti and Ronchi, 2011; T6r6 and

Pratt, 2016).



To improve the understanding of sediment deformation processes in a-b-a density
systems, a comprehensive multidisciplinary analysis was conducted on records of late
Quaternary sediment cores taken from lakes, formed about 20 calendar (cal) ka, that lie in the
Hamilton lowlands (northern New Zealand) amidst newly-discovered Hamilton Basin faults
(Fig. 1) (Moon and de Lange, 2017). The cores comprise highly organic, unconsolidated lake
sediments of low density with interlayered, silicic tephra-fall deposits (layers up to 8-cm thick)
of relatively higher density, each of which forms an individual a-b - density system with the
enclosing lake sediment. Tephra deposits are the explosively-erunteo, unconsolidated,
pyroclastic products of a volcanic eruption of any grain siz.: 0, ~zmposition (Lowe, 2011).
Paleoliquefaction in tephra deposits has been rarely inve<tio ited previously. Only a handful of
papers on the topic is known to us (Sieh and Bursi<. +986; Mazumder et al., 2016; Yang et al.,
2019; Molenaar et al., 2021). Following the co nmonly accepted concept of liquefaction
discussed above, sediment deformatior. in a-b-a density systems should be directed upwards,
following the direction of least resisten.e. iHowever, in our lake records, the tephra layers were
almost exclusively deformed do' vny *ards, forming SSDS in the form of several decimetre-long,
elongated load structures (Fi> 2) (Lowe, 1988b).

The SSDS we.t in.22zd using X-ray computed tomography (CT), described in cross-
section, and then analysed via bulk density measurement, grain size distribution analyses, and
determination of Atterberg limits. Then, their mechanisms of deformation, the driving force of
deformation, and possible triggering mechanisms, were interpreted following the protocols
provided by Owen and Moretti (2011). The spatial and temporal occurrence of SSDS was
mapped across the studied lakes within the Hamilton lowlands and an attempt was made to link
the occurrence of the SSDS to seismic activity on regional faults including two faults in the

adjacent Hauraki Plains, the Kerepehi and (newly-identified) Te Puninga faults (Persaud et al.,



2016; Van Dissen et al., 2021), as well as on the local faults within the Hamilton lowlands (the

Hamilton Basin faults) (Van Dissen et al., 2021).

2. Geological setting

The Hamilton lowlands lie within the tectonically formed Hamilton Basin in the northern
North Island of New Zealand (Fig. 1a-b), adjacent to tephra-generating volcanic centres in the
Taupo Volcanic Zone, offshore Tuhua Volcanic Centre, and distar,” Taranaki Maunga volcano
(Fig. 1c). The basin’s most recent infilling deposits — Quaternary ign mbrites, volcanogenic
alluvium, and tephra deposits — underlie low hills surrounci:d .24 partly buried by younger,
secondary volcaniclastic alluvium, the Hinuera Formati 1. ¢ eposited ~20 cal ka by the ancestral
Waikato River (Hume et al., 1975; Selby and Low 2. 1£92; Manville and Wilson, 2004; Peti et
al., 2021).

Around 35 riverine and riverine nhytogenic lakes occur adjacent to the antecedent hills.
Deposition of the Hinuera Formation ar.ross the mouths of small valleys formed alluvial dams,
generating shallow basins in which croundwater and drainage formed these blocked-valley
riverine lakes (Green and Lo.ve, 1985; Lowe and Green, 1992). In many cases, massive peat
growth on top of the un.'vic formed a second-storey dam, resulting in larger, peat-dominated
riverine-phytogenic lakes (Green and Lowe, 1985, 1994). These closed-basin lakes have
provided a repository since ~20 cal ka for ~40 distal tephra deposits, as well as numerous sparse
cryptotephras, preserved in ~3—6 m of organic lake sediment (Lowe, 1988b; Loame et al., 2018).
Derived from rhyolitic and andesitic eruptions in Taupd Volcanic Zone, Tuhua Volcanic Centre,
and Taranaki Maunga volcano, these tephras range from sub-millimetre to ~8 cm in thickness,

the thickest layers being rhyolitic (Lowe, 1988b, 2019).



SSDS have already been recorded in some of the tephra layers (Lowe, 1988b) as
elongated, sometimes fissure-like load structures with pointy ends, each load structure being up
to a few centimetres wide and up to 20 cm long (Fig. 2). The load structures were commonly
associated with prominent collapse structures at the top of the tephra layer (Fig. 2b), indicating
volume loss of the tephra layer during downward-directed intrusion into underlying organic lake
sediments. Lowe (1988b) suggested (with some uncertainty expressed) that bioturbation was the
only plausible mechanism that could have caused the downward-a."2cted SSDS in the tephra
layers because, at that time, the Hamilton lowlands were believe! to ack active faults
(Edbrooke, 2005; Langridge et al., 2016) and therefore design.*~d as having low to moderate
seismic risk (Stirling et al., 2012). However, new evide: ~e ¢ f faults (Fig. 1) and seismic activity,
including within the Hinuera Formation (Hume et al , 7975; Kleyburg et al., 2015; Persaud et al.,
2016; Moon and de Lange, 2017; Van Diss”.n ¢t ai., 2021), now provide a seismogenic

explanation for the downward-directed SSDS.

3. Materials and Methods

3.1. Coring

Ten lakes fror.1 (re2 uifferent parts in the Hamilton lowlands were cored: three in the
south (Ngaroto, Mangakaware, Maratoto), four in the centre (Rotoroa, Rotokaeo, Waiwhakareke,
Rotokauri), and three in the north (Kainui, Rotokaraka, Leeson’s Pond) (Fig. 1a). The distance
between the southernmost lake (Ngaroto) and the northernmost one (Rotokaraka) is ~40 km. For
each lake, one or more cores ~1.5-2 m in length were collected from partly overlapping sediment
depths using a modified Livingstone piston corer with a 50-mm internal diameter PVC coring
tube (Rowley and Dahl, 1956) for historical cores taken in the 1980s, and 65- or 80-mm internal

diameter for cores taken more recently in 2016, 2020, and 2022.
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The cores in most cases were collected from the deepest basin(s) of the lakes where
typically the thickest sediments occur, and where the tephra beds are essentially horizontal
(Lowe, 1985) and unaffected by other aseismic trigger mechanisms specific to other depositional
environments (Owen and Moretti, 2011). In Lake Maratoto, the cores were extracted from ten
sites throughout the lake (Green and Lowe, 1985), whereas at Lake Rotoroa, seven sites
throughout the lake were selected for coring including in shallow areas. Where more than one
core was required to fully capture the entire sediment thickness in e lake, overlapping cores
were taken and then easily correlated using the distinctive physical p operties of the glass-rich
tephra layers present in the lake sediments, the layers beinn ty,.izally different in colour and
thickness (e.g., see illustrations in Green and Lowe, 19¢~: L owe, 1988b, 2019), to generate a
composite core ~3-5 m in length for each lake. Ar e".emple showing the construction of a
composite core using tephrochronology is r.ov'ded in supplementary Fig. S1.

In most lakes, duplicate cores v.=re also collected from different sites within the lake
basin. Because of the duplication and tre ,verlapping cores, the majority of tephra layers could
be investigated more than once i 1e.~h lake (up to 20 times in Lake Maratoto; Green and Lowe,
1985), increasing the confiduce 11 characterising SSDS. The sediment strata and stratigraphy of
all but two lakes (Wa.v.ha. »r2ke, Rotokaeo) have been described previously (Green and Lowe,
1985; Lowe, 1985, 1988n, 2019). Additional information about the sediment cores is provided in

supplementary Table S1.

3.2. CT imaging
X-ray computed tomography (CT) imaging was performed using a medical CT scanner
on all whole-round cores prior to opening (except for historical cores from lakes Mangakaware,

Maratoto, Rotokaraka, and Leeson’s Pond, which were not available for CT imaging). CT



volumes were processed using imageJ, Drishti ver. 2.7 (Limaye, 2012), VGStudio Max (ver.
2.1.5, Volume Graphics, Germany), and Syglass (ver. 1.6, IstoVisio, Inc. Morgantown, WV)
(Pidhorskyi et al., 2018). Drishti and imageJ were used to create tiff slices from DICOM files.
Slice data were loaded into Syglass, a volumetric virtual reality software. The physical cuts
through the core samples were correlated to the precise virtual slice within the 3D CT data using
a co-registration tool within Syglass utilising four fiducial markers across the 3D X-ray volume
and the 2D core cut image — a methodology previously demonstra.> 1 in 3D scanning electron
microscope data to confocal microscopy images of brain tissue ( "horas et al., 2021).

Once the physical core cut was identified in the 3D X-.2y CT volumes, the data were
loaded into VGStudio Max and, to aid subsequent segn.>nta.ion, the outer plastic tubing of the
core was excluded using the ellipse selection tool ‘o :sclate the material inside the tube in the
sagittal plane. The organic lake sediments ~.o\ ¢ axd below the tephra layers were removed
digitally in both VGStudio and Syglass hy appiying a global histogram threshold based on X-ray
attenuation, which was significantly cifie cnt between the two constituents, and allowed images
and videos to be exported revealiny ~nly the tephra deposit. The global histogram threshold was
chosen to best correlate the ionhra SSDS (at a longitudinal slice through the centre of the X-ray

CT volume) to the phy.ica! ~ut of the lake core.

3.3. Characterisation of tephra layers

Individual tephra layers in each core were classified into three types: (i) ‘SSDS’ (i.e.,
some kind of SSDS was identified), (ii) ‘intact’ (i.e., no post-depositional deformation of tephra
layer was identified), or (iii) ‘discontinuous’ (i.e., the tephra layer exhibited some kind of
disruption that could not be definitely associated with any SSDS), on the basis of detailed

sediment description and CT imaging. Supplementary Fig. S2 shows typical examples of tephra



layers classified as discontinuous because they were disrupted, varied in thickness within the
extent of the core, were partly covered by sawdust from the core liner, or were located at the base
of the core and, thus, could not be characterised satisfactorily. Discontinuous tephra layers were
not considered further because of uncertainty about whether the disturbance was caused by
liquefaction or by other processes.

The other tephra layers (classified as ‘SSDS’ or ‘intact’), and the organic lake sediments,
were further characterised by means of dry bulk density measuren,~ats, grain size distribution
analyses, organic content, and Atterberg limits. Locations and denths of samples analysed by the
four methods are provided in supplementary Table S2. Buli. aczity was determined by cutting
tephra layers and organic lake sediments into rectangulc.” brrsms of varying dimensions
depending on the available volume. A cutter knife wus used in order to cut prisms without
causing too much disturbance to the soil strucu res of the samples. Volumes of bulk density
samples varied from 1 to 40 cm®. Dry L 1k denities were determined multiple times to aid the
reliable (reproducible) calculation of .n :a., values with sufficient confidence: organic lake
sediment (eight samples), Tuhuz te.hra (eleven samples), Mamaku tephra (six samples),
Waiohau tephra (six sample.) aru Rotorua tephra (16 samples). Grain size distribution analyses
were performed using «. Mo ern Mastersizer 3000. Grain size distribution curves were processed
using GRADISTAT 9.1 (Blott and Pye, 2001) and basic statistical parameters were determined
using the geometric method of moments (Krumbein and Pettijohn, 1938). Grain size
nomenclature is based on standard sedimentological class boundaries (Folk, 1980) with clay
defined as particles <2 um in diameter. Where applicable, equivalent classes based on
volcanological grain size classes (White and Houghton, 2006) are provided. Atterberg limits and
organic content were determined on representative organic lake sediments (ASTM D 4318-17e1,

2017; ASTM D7348-21, 2021).



The dimensions of SSDS were analysed and compared to the total tephra thickness and
the thickness of internal beds of tephra layers. For every instance where a tephra layer exhibited
one or more SSDS in a core, the area of all SSDS associated with this particular tephra layer was
measured using a geographic information system (GIS). The total area of SSDS was then
averaged by the number of SSDS observed in the tephra layer. The area of SSDS was considered
here to represent a first level approximation of the volume of SSDS. The dimensions of SSDS

were further quantified by measuring the maximal vertical length ¥ the SSDS.

4. Sedimentary facies

The sedimentary succession as present in sediment cores taken from the riverine and
riverine-phytogenic lakes in the Hamilton lowlanc's ~omprised three main geological units,
namely pre-lake volcanogenic alluvial deprsits (Hiauera Formation), organic lake sediments, and

tephra-fall deposits interlayered within the organic lake sediments (Fig. 3).

4.1. Pre-lake deposits (Hin ies2 Formation)

The oldest unit prese: ‘ed in the core records comprised unconsolidated, brownish-
greyish clays and claye, su:c. This unit exhibited a massive soil texture with minor horizontal
stratification and was only observed in six out of ten lakes within the Hamilton lowlands. In any
event it was not involved in any soft-sediment deformation (Fig. 3c).

The unconsolidated clays and clayey silts of this unit were interpreted as pre-lake alluvial
deposits of the Late Pleistocene Hinuera Formation (Schofield, 1965; Hume et al., 1975; Kear
and Schofield, 1978). The Hinuera Formation refers to a thick (up to 90 m) heterogeneous unit of
secondary volcaniclastic (Di Capua et al., 2022) gravelly sands, sandy gravels, sands, silts, and

peat beds that form an alluvial plain within the Hamilton lowlands. Gravel-sized material was
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found to be dominated by fragments of rhyolitic breccia, rhyolite, pumice and ignimbrite,
whereas sand and silt fractions were dominated by volcanic quartz, oligoclase/andesine
plagioclase, pumice, and glass shards (Hume et al., 1975). The unconsolidated clays and clayey
silts were likely deposited from suspension in abandoned braided channels and flood basins

(Hume et al., 1975).

4.2. Organic lake sediment

The main sedimentary unit preserved in the core records com jrised unconsolidated,
massive, olive-grey, dark brown to black, organic clayey si.t. 1. -.osted the tephra layers that
exhibited SSDS. The organic content of this sediment rc.nae J between 16 and 20 wt. % and bulk
densities were commonly exceptionally low, with wzt densities of p =~ 1,100 kg/m3 and dry
densities of p; =~ 300 kg/m3. The organic fak 2 sediment was classified as highly compressible
organic silt (OH) of low plasticity based on the Unified Soil Classification System (ASTM
D2487-06, 2010), with an average plas’ic nmit of wp, = 119% and liquid limit of w;, = 301%.

The organic clayey silts ‘vere deposited in late Quaternary, typically dystrophic, lake
environments and were founc. to Je rich in humic material, being mainly classified as dy-gyttja

and gyttja, or peat in sh.'lo..-water cores (Green and Lowe, 1985).

4.3. Tephra deposits

Eight prominent tephra layers were identified in the cores and correlated between lakes
(Fig. 3c) using their stratigraphic positioning, physical properties, mafic and felsic mineralogical
assemblages, and glass-shard major element compositions (Lowe, 1988b). Seven of these tephras
(Taupd, Tuhua, Mamaku, Opepe, Waiohau, Rotorua, and Rerewhakaaitu) were rhyolitic, with
colours ranging from white to light grey, and one (Mangamate tephra) was andesitic, and dark
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grey to dark olive in colour. They range in age from ~17.5 cal ka to ~1.7 cal ka BP (ages from
Lowe et al., 2013). Each of the tephras is consistent in its mineralogical assemblages (dominated
by volcanic glass, both vesicular and non-vesicular, with subordinate felsic and mafic minerals)
across lakes in the lowlands (Lowe, 1988b). This lack of spatial variability in mineralogical
assemblages is expected, given that these are distal tephras >100 km from their source vents
(e.g., Juvigne and Porter, 1985; Lowe, 1988a; Alloway et al., 2013).

The observed tephra deposits commonly comprise horizon.~:ly bedded layers with
distinctive boundaries with under- and overlying organic lake se.'ime nts (Fig. 3b). Taupd tephra,
being the youngest tephra deposited at ~1.7 cal ka, was conimc =iy only 1-3 mm thick and was
therefore not considered further. The other seven tephra 'avers exhibited average thicknesses
between 8 mm (i.e., Rerewhakaaitu tephra) and 44 r.r (i.e., Rotorua tephra). Each of the tephra
layers contained internal beds characteriser' py diticrent grain sizes, varying between silt (i.e.,
extremely fine ash) and medium sand (<., meaium ash). Except for Mangamate tephra, the
tephra layers commonly had an upper <ilt ved, typically up to several millimetres thick. The
upper silt bed was underlain by «:0aizer beds, the number and grain size varying between tephras.

Tephra layers were g, ~upzd (groups I-111) according to their total thickness and internal
bedding characteristics (Fiy. 3b). Group | tephras included Opepe (Op), Waiohau (Wh), and
Rerewhakaaitu (RK). They were thin (between 8 and 13 mm thick) and commonly exhibited only
two dominant beds, which we designated by numbers: an upper silt bed (e.g., Op-1, Wh-1, and
Rk-1) underlain by a fine sand bed (e.g., Op-2, Wh-2, and Rk-2). In Waiohau tephra, two
additional beds were observed in some lakes underlying the fine sand bed (Wh-3 and Wh-4).
Group Il tephras included Mangamate (Mm) (commonly 11 mm thick), which comprised up to
five beds with the central medium sand bed (Mm-3) being the thickest one. Group 11 tephras

included the remaining three tephras, Tuhua (Tu), Mamaku (Ma), and Rotorua (Rr), which were
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significantly thicker (21-44 mm) than the other tephra layers. The group Il tephras commonly
comprised five main internal beds as follows (from top to base): an upper silt bed (Tu-1, Ma-2,
Rr-1), a very fine to fine sand bed (Tu-2, Ma-3, Rr-2), a medium sand bed (Tu-3, Ma-4, Rr-3), a
thin silt bed (Tu-4, Ma-5, Rr-4), and a very fine to fine sand bed at the base (Tu-5, Ma-6, Rr-5).

The variability in thicknesses of tephra layers and their internal beds was studied for the
cores taken from the ten lakes considered in our study (Fig. 4). For the majority of tephra layers
(i.e., Mamaku, Opepe, Waiohau, and Rerewhakaaitu), the thicknes::s of the tephra layers and
their internal beds were similar throughout the Hamilton lowlanc's. Iv.angamate tephra, exhibiting
similar thicknesses throughout the Hamilton lowlands, was ty,.:~ally dominated by the central
medium sand bed (Mm-3), but the full sequence of inte, ~al 1,eds was only present at one lake
(Lake Rotokaeo, C2). The remaining tephras (Tub Je and Rotorua) exhibited larger variability in
tephra thickness.

The overall thickness of Tuhua *ephra varied between 20 mm (in Lake Rotoroa, C1) and
42 mm (in Leeson’s Pond, N3). A sliyh. cirectional trend could be observed in the overall
thickness of Tuhua tephra (Fig. [)). The thickness of Tuhua tephra seemed to increase from south
to north. This observation is 1 accordance with Lowe (1988b) and Hopkins et al. (2021). The
internal bedding char.c*er.ctics of Tuhua tephra differed with overall tephra thickness. We
observed that thicker layers commonly exhibited the full set of internal beds (Tu-1 to Tu-5),
whereas the thinner layers lacked some of the internal beds. For example, in Lake Rotokaraka
(N2) only internal beds Tu-2 to Tu-4 could be observed.

The overall thickness of Rotorua tephra varied between 25 mm (in Lake Rotoroa, C1)
and 77 mm (in Lake Kainui, N1). A slight directional trend could also be observed for Rotorua
tephra, increasing in thickness towards the north-west. This observation is contradictory to the

published literature (Nairn, 1980; Lowe, 1988b). For Rotorua tephra, the thickness of internal
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beds was linked to the overall thickness of the tephra layer (with the exception of Lake
Waiwhakareke, C3). For example, the thickness of the upper silt bed increased with overall

thickness, but the proportions between internal beds remained more or less constant.

5. Description of SSDS

All seven major tephra layers exhibited SSDS in the form of mainly elongated load
structures (i.e., down-sagging structures), dykes, and collapse struc* ires, their occurrence and
dimensions being variable throughout the Hamilton lowlands (F 2. 31,). SSDS were differentiated
into three main types based on their dimensions, ranging b<tweZ:1 30-100 mm (type 1), 10-30

mm (type 2), and <10 mm (type 3).

5.1. Type 1a solitary down-sagging siru ctuves

The term ‘type 1a solitary dowr, sagginy structure’ was used to describe elongated, ~30—
100-mm long, solitary load structures t'iat intruded (from the tephra layer) into underlying
organic lake sediments. This tyn2 o1 SSDS was observed in six tephra layers and was restricted
to deformations in the relativoly tnick Tuhua and Rotorua tephras deposited in central and north-
western lakes (i.e., Rut.“aw2, C2; Rotokauri, C4; Kainui, N1) (Figs. 1a, 3c).

Fig. 6 shows two typical examples of type 1a solitary down-sagging structures by means
of core photos, our interpretation of internal beds and deformation features, and CT images from
the outside of the whole-round core and as a longitudinal slice through the centre of the core. In
the CT images, the organic lake sediment was removed using a high-pass filter. The organic lake
sediment and SSDS sometimes exhibited similar CT densities. Therefore, it was not always
possible to remove the entire organic lake sediment from CT datasets. As a result, the SSDS

shown in CT images are slightly larger than those shown in the core photos. The two typical
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examples of type la solitary down-sagging structures (Fig. 6) are also available as rotational
360-degree videos in supplementary videos S1-S4.

The deformation involved all internal tephra beds (except for the upper silt beds Rr-1 and
Tu-1) and underlying organic lake sediment. Type 1a solitary down-sagging structures shown in
Fig. 6 were commonly up to 10-mm wide and up to 80-mm long, deformation features, which
decreased in width towards the base. They exhibited sharp, distinct boundaries with surrounding
organic lake sediment. Down-sagging structures appeared to be shot-like in CT images and
resembled load casts (sensu Owen, 2003). Disruptions of the thii silt beds (Rr-4, Tu-4) and
underlying very fine to fine sand beds (Rr-5, Tu-5) indicat< th.t tne infill material of the down-
sagging structure originated from the upper very fine to €ine sand beds (Rr-2, Tu-2) or medium
sand bed (Rr-3), or both.

The down-sagging structure Rr-6, winc to:med in the Rotorua tephra layer (Fig. 6a),
exhibited a sheet-like geometry with ve-tical orientation and pointed end, whereas in the Tuhua
tephra layer (Fig. 6b), three sheet-like c'ovvn-sagging structures (Tu-6, Tu-7, Tu-8) were present,
one of them (Tu-8) inclined at ~ 5 '~grees, and all extending down towards Mamaku tephra, the
latter occurring ~80 mm belc'wv the Tuhua tephra layer. In addition to the three down-sagging
structures, a small nc:i.°al it with an offset of ~4 mm was observed in the lower beds of
Tuhua tephra (Tu-4, Tu-b).

A collapse structure (C-1) was observed in the Tuhua tephra shown in Fig. 6b. Here,
organic lake sediment overlying the tephra layer collapsed into the upper silt bed (Tu-1),

corresponding to the down-sagging structure Tu-6 below.

5.2. Type 1b complex down-sagging structures
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The term ‘type 1b complex down-sagging structure’ was used to describe heterogeneous,
~30-100-mm long, often interconnected load structures that intruded from tephra layers into
underlying organic lake sediments. This type of SSDS was observed in ten tephra layers and was
restricted to deformations in Rotorua tephras deposited in central and north-eastern lakes (i.e.,
Rotoroa, C1; Rotokaeo, C2; Rotokaraka, N2; Leeson’s Pond, N3) (Figs. 1a, 3c¢).

Fig. 7 shows three typical examples of type 1b complex down-sagging structures. One of
those examples is also available as rotational 360-degree videos in ~upplementary videos S5-S6.
Similar to the type 1a SSDS, the type 1b complex down-sagging stru :tures involved
deformations in all internal beds of Rotorua tephra (except for -z upper silt bed Rr-1) and the
underlying organic lake sediment. Furthermore, down-scagi 1g structures exhibited sharp, distinct
boundaries with surrounding organic lake sedimer t. ' be infill material of the down-sagging
structures originated from the upper very fi.e 1) tie sand beds (Rr-2) or medium sand bed (Rr-
3), or both.

Individual type 1b complex duv.n-sagging structures shown in Fig. 7 were commonly 2—
3 mm wide and up to 90 mm lor.g (v ‘ith most down-sagging structures being ~30-40 mm long)
with pointed ends. Down-sayaing structures were found to resemble load casts and
pseudonodules (senst. ™we, 2003) in the split core. However, when considering the volumes of
tephra and SSDS in CT scans, in which the less-dense organic lake sediment had been removed,
down-sagging structures appeared to be continuous and no pseudonodules could be observed.
Individual deformations, together forming the type 1b complex down-sagging structures, were
observed to be curved (e.g., Rr-7), wavy (e.g., Rr-10), or straight (e.g., Rr-8, Rr-15, Rr-17), and
often oriented vertically or at an angle between 90° (vertical) and 0° (horizontal). In one example
(Rr-13), flame-like structures were observed within the down-sagging structure, being directed

upwards, horizontally, as well as downwards. Sometimes (e.g., Rr-16), the down-sagging
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structure consisted of a main deformation feature from which and a number of smaller sub-
deformations originate.

Distinct collapse structures (C-2 to C-5) were observed at the boundary between organic
lake sediment and the tephra layers. Collapse structures corresponded to deformations within
internal tephra beds below. For example, the collapse structure C-2 corresponded to the type 1b
complex down-sagging structure Rr-9 (Fig. 7a). As a consequence of multiple collapse
structures, the upper interface between the tephra layer and organi. ‘ake sediment appeared
flame-like rather than straight (e.g., Fig. 7a). In one case (C-4, R-13 , the organic lake sediment
collapsed down into very fine to fine sand and medium san. b7z (Rr-2, Rr-3), resulting in a

normal fault with an offset of ~40 mm within the upper ilt ).ed (Rr-1).

5.3. Type 2a down-sagging structure:

The term ‘type 2a down-sagginy, structure’ was used to describe ~10-30-mm long load
structures that intruded from a tephra i yer downwards into underlying organic lake sediments.
Thirteen of this type of SSDS wi:re chserved across various lakes (Ngaroto, S1; Maratoto, S3;
Rotoroa, C1; Rotokaeo, C2; otc kauri, C4; Leeson’s Pond, N3; Fig. 1a). They occurred in
Mamaku, Mangamatc, Ma.2tau, and Rotorua tephras (Fig. 3c).

Fig. 8a-b shows typical examples of type 2a down-sagging structures. The down-sagging
structure (Wh-4) involved deformations within the very fine to fine sand bed (Wh-2), underlying
silt bed (Wh-3), and organic lake sediment below the tephra layer (Fig. 8a). The down-sagging
structure was ~15 mm wide and ~15 mm long and decreased in width towards the bottom. The
boundary between the down-sagging structure and the organic lake sediment was slightly more
diffuse compared with that for the type 1 down-sagging structures. A distinct collapse structure

(C-6) was also associated with this type 2a down-sagging structure. Further type 2a down-
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sagging structures were observed in Rotorua tephra (Fig. 8b). Here, tephra material from the
medium sand bed (Rr-3) intruded downwards through basal tephra beds (Rr-4, Rr-5) forming
two down-sagging structures (Rr-19, Rr-20). Rr-19 was ~15 mm wide and ~20 mm long and
exhibited a rounded end, whereas Rr-20 was narrow and appeared discontinuous in the split core
photo. Both down-sagging structures comprised load casts and pseudonodules, the latter likely

being a result of the location of the plane of observation relative to the SSDS.

5.4. Type 2b dyke

The term ‘type 2b dyke’ was used to describe ~10-":0-1.271 long upward-directed
intrusions from a tephra layer into the upper silt bed wiw in e tephra layer. Two of this type of
SSDS were observed at two lakes (Rotoroa, C1; Ratukauri, C4; Fig. 1a). They occurred in
Waiohau and Rotorua tephras (Fig. 3c).

A type 2b dyke (Wh-5) was obs>rved within the Waiohau tephra, which also provided the
source of the type 2a down-sagging s.ur.«cture Wh-4 (Fig. 8a). The dyke, which originated from
the very fine to fine sand bed (Wh-2' was ~10 mm wide, ~15 mm long, and inclined at ~45°. It
seemed that the upper silt be.' (Wn-1) was lifted upwards as a consequence of the deformation
process of dyke Wh-L. . sc2und type 2b dyke (Rr-21) was observed in Rotorua tephra (Fig. 8c).
Here, tephra from the very fine to fine sand bed (Rr-2) intruded upwards into the upper silt bed
(Rr-1), where it stopped propagating in the middle of the silt bed. The dyke was 18 mm wide, 25

mm long, slightly curved, and tapered upwards.

5.5. Type 3 down-sagging structures

The term ‘type 3 down-sagging structure’ was used to describe small, less than 10-mm

long, load structures that intruded from the tephra layer downwards into underlying organic lake
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sediments. Type 3 down-sagging structures were observed in nine tephra layers and occurred in
Mamaku, Opepe, Waiohau, Rotorua, and Rerewhakaaitu tephras deposited in central and
northern lakes (i.e., Rotoroa, C1; Rotokaeo, C2; Waiwhakareke, C3; Kainui, N1; Rotokaraka,
N2; Leeson’s Pond, N3) (Figs. 1a, 3c).

Type 3 down-sagging structures were found to be irregularly shaped, downward-directed
intrusions into underlying organic lake sediment, forming load casts (e.g., Ma-7, Wh-10) or
pseudonodules (e.g., Ma-8, Wh-11). Pseudonodules appeared as si. ll lumps (commonly up to
~5 mm long) entirely separated from the tephra layer. Down-sag ing structures were commonly
associated with the collapse of overlying organic lake sedir.er.: :ito the tephra layer (e.g., C-8,

Ma-7; C-15, Wh-11).

6. Interpretation of SSDS

The different types of SSDS found in tephra deposits in the lakes within the Hamilton
lowlands were interpreted by firstly est dbiishing a deformation mechanism and driving force
system and then providing evidr 1ce for the most likely triggering mechanism using both the

context-based and criteria-ba-ad approaches (Owen and Moretti, 2011; Owen et al., 2011).

6.1. Deformation mechanism

The SSDS analysed in the present study (i.e., down-sagging structures and dykes) are
commonly interpreted to be a consequence of liquefaction, although a number of other processes
may also produce similar deformations in the sedimentary record (Moretti and van Loon, 2014).
Liquefaction is a failure process that commonly occurs in water-saturated, loosely compacted
granular materials. In those materials, shear stresses (e.g., from earthquake-induced shaking or

rapid burial) may cause the grain fabric to collapse and become compact, leading to strength loss
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and temporary transfer of stress from the grain-to-grain contacts to the pore water. In
environments where pore water pressure is prevented from dissipating, shear stresses may lead to
a complete transfer of stress to the pore water, resulting in strength loss and viscous fluid-like
behaviour of the granular material, with little or no yield strength (Owen and Moretti, 2011).

A number of compositional and geological characteristics define whether or not a
sediment may be considered susceptible to liquefaction (Kramer, 1996). Compositional
characteristics include the grain size distribution and the packing ¢~ sity (i.e., relative density) of
the sediment (or tephra deposit). Liquefaction is commonly restr_~tec to coarse silt to fine sand
deposits (Moretti et al., 1999), although exceptions exist wiierc ':gquefaction has been observed in
gravelly soil (Cubrinovski et al., 2017; Zhou et al., 202C) F'ae to medium silt is commonly
considered less-liquefiable than coarse silt and sar d ‘a'though cases exist, such as that of
Ishihara, 1985), especially when clay minerals ire present, preventing the collapse of the grain
fabric during shearing (Boulanger and :riss, 2J06). In our study, SSDS were only observed in
very fine to fine sand and medium sai.c tepnra beds, whereas the upper silt beds and
encapsulating organic lake sedinen: were not directly involved in the deformation process: the
upper silt bed was passively :nvoived in the collapse of organic lake sediment overlying the
tephra layer and the c.y2n.> 'ake sediment below the tephra layer deformed because of the
intrusion of SSDS. Grain size distribution curves were obtained for the organic lake sediment,
and for the upper silt beds (where applicable) and deformable beds (i.e., tephra source beds from
which SSDS were initiated) of each of the seven major tephra layers (Fig. 10). For some thick
tephra layers comprising SSDS (i.e., Tuhua, Rotorua), grain size distribution curves could also
be obtained for the type 1a down-sagging structures. We observed from these plots that the grain
size distributions of the organic lake sediment and upper silt beds exhibited a large proportion of

fines and were therefore systematically located outside the range for liquefiable soils defined by
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Tsuchida (1970), these ranges being widely used to distinguish liquefiable from less-liquefiable
soils (Moretti et al., 1999; Rodriguez-Pascua et al., 2016; Villamor et al., 2016). The grain size
distribution curves of deformable beds and down-sagging structures were mostly located within
the liquefiable or potentially liquefiable ranges (Fig. 10).

The packing of the sediment (including tephra in our case) is another compositional
characteristic governing liquefaction susceptibility (Owen and Moretti, 2011). Liquefaction
develops most readily in loosely packed deposits, because when st.~ared, these become
compacted and produce a more pronounced pore water pressure ‘han more densely packed
deposits. The packing (i.e., relative density) of individual it tei 2~ tephra beds could not be
directly assessed in the present study because of the rel.'ive y large amount of tephra material
needed to perform the required laboratory tests frcm which relative density would be derived
(i.e., dry bulk density, minimum and maxir.un dry density tests, DIN 18126, 1996). The finely
bedded tephra-fall layers were deposite 1 throuyh water soon after being explosively erupted and
carried by wind from source volcanoes (F1y. 1¢). It is very likely that the internal bedding in the
tephra layers largely reflects priraar - atmospheric dispersal and fallout processes (e.g., Alloway
et al., 2013; Hopkins et al., z115. Mastin et al., 2023) rather than substantial re-sorting or
potential reworking cu. ‘ny, ~. after, falling through the shallow lake-water columns: in the
Hamilton lowlands, the lakes are closed-basin and ground-penetrating radar evaluation (Lowe,
1985) has shown (in Lake Maratoto) that individual, discrete tephra layers follow lake basin
contours, a characteristic of tephra-fall beds (Houghton and Carey, 2015). Water sedimentation
of quartz sand has been found to form deposits of medium densities (Wood et al., 2008). It is
unknown how tephra-derived particles, overwhelmingly dominated by volcanic glass shards

(Lowe, 1988b, a) and having a low particle density, large surface roughness, and usually high
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vesicularity, would deposit through water, but it may be expected that pumiceous tephra particles
will form looser grain fabrics, within the loose to medium density range, than quartz sand.
Geological characteristics used for liquefaction susceptibility assessments include the
sedimentary environment, groundwater conditions, age of deposition, and depth of burial (Youd,
1991). Fluvial, estuarine, and aeolian sediments are more often found to have liquefied because
such materials occur in sedimentary environments that favour deposition of loose and well-sorted
fine to medium sands (Kramer, 1996). The sedimentary environme = may also control the
presence of permeability barriers within the sedimentary success on, such as mud layers, which
increase the chance of liquefaction by creating zones of ele raw.~ pore water pressures
(Obermeier, 1996; Owen and Moretti, 2011). The sedin.~nte;y environment in our study (i.e.,
lacustrine, together with tephra-fall deposition) fa'‘o'.red water-saturated successions of
relatively loosely packed, relatively thin terara deyosits interlayered with fine-grained organic
lake sediments. Furthermore, the sedim.~ntatior, (atmospheric fallout) process of tephra layers
generated the internal tephra bedding, tv/p cally with an upper silt bed at the top. It is plausible
that the organic lake sediment at.ov. and below the tephra as well as the upper silt bed acted as
permeability barriers and the-afo ¢ increased the susceptibility to liquefaction in the very fine to
fine and medium san< .~oi.72 oeds. Deformation in Mangamate tephra was observed in only one
lake (Lake Rotokaeo, Cz). In this lake, Mangamate tephra exhibited an upper and lower silt bed.
In all other lakes, Mangamate tephra was found to be intact and only consisted of the fine sand
and medium sand beds (Mm-2 to Mm-4). Hence, it is concluded here that the lack of the upper
silt bed in most lakes led to a lower liquefaction susceptibility for the Mangamate tephra layer.
Liquefaction susceptibility commonly decreases with time after deposition due to post-
depositional processes, including cementation, consolidation, and compaction-the last two being

the consequence of increase in overburden sediments with time. It has been shown that the

22



liquefaction resistance of sandy soils increases by 40% within 400 years after deposition because
of cementation and grain dislocation (Towhata et al., 2017) and that most liquefaction is
observed in sediments buried less than 5 m (Obermeier, 1996). The tephra layers in our
lacustrine study were deposited since ~17.6 ka cal BP and their interlayering within permanently
saturated (anoxic) organic lake sediments has prevented significant alteration by hydrolysis or
other chemical weathering processes (e.g., Churchman and Lowe, 2012). The high analytical
totals of major elemental analyses of glass shards from the lacustn.” : tephras (Lowe, 1988b),
which are extremely vulnerable to rapid hydration and dissolutic (e J., Kirkman and McHardy,
1980; Wolff-Boenisch et al., 2004; Churchman and Lowe, 20.2}, show that the glasses remain
essentially pristine (shown also in other lacustrine-tephi > st dies, e.g., Newnham et al., 2004;
Hopkins et al., 2015; Watson et al., 2016). In addi 10:1, the presence of easily weatherable silicate
minerals, including olivine, in the ferromac:.ies’an mineral assemblages (Lowe, 1988b) also
indicates a lack of weathering. Only in ~necial circumstances, such as very high acidity, are
glasses and mafic minerals susceptibl2 "0 uissolution in anoxic environments (e.g., Hodder et al.,
1991; Hodder et al., 1996). Hence, .~e tephra layers in our study have not undergone
cementation, precluding a de-~rease in liquefaction susceptibility due to cementation.

Consolidatior. a.a c~vapaction are similarly limited for the tephra layers in our study:
they may be considered unconsolidated because the overburden stress is estimated to be very low
(i.e., 0, < 20 kPa) due to the low bulk densities of organic lake sediments; and deformations
described in our study occurred in tephra layers buried by less than 4.5 m of organic lake
sediments. Thus, the liquefaction susceptibility of these tephras is likely to have persisted since
their deposition.

Since liquefaction involves the temporary transition of the sediment body from solid-like

to viscous fluid-like behaviour, the ensuing deformation will be ductile in character. Brittle
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features may only be observed in sediment that was adjacent to liquefied material when the
deformation took place (Owen and Moretti, 2011). The SSDS observed in our study commonly
featured ductile deformations characterised by internal flow structures (e.g., Figs. 6a, 7).
Furthermore, SSDS commonly penetrated through basal (internal) tephra beds into underlying
organic lake sediments, indicating high pore water pressure within the source tephra beds in
which deformation was initiated. The boundaries between SSDS and organic lake sediments
were found to be mostly brittle (although exceptions exist, e.g., the “lame-like structure in type
1b down-sagging structure R-13), probably due to the low plastivity +,f the organic lake sediment.
The upper silt beds exhibited collapse structures often asscciaw e with down-sagging structures
below (e.g., Fig. 7). These collapse structures exhibitea mai.ly ductile but also sometimes brittle
deformations, indicating that the upper silt beds w :r¢ gt the transition between ductile and brittle
soil behaviour.

The preceding discussion sumri.2rised uie liquefaction-related compositional, geological,
and morphological characteristics of urya ic lake sediments and tephra layers. It may be inferred
here that the source tephra beds “ro..» which the deformation was initiated (i.e., very fine to fine
sand and medium sand beds, ~qu valent to very fine to fine and medium ash beds in the
volcanological grain ui.= s22'e) exhibited considerably higher susceptibility to liquefaction than
the upper silt beds (extremely fine ash beds) and organic lake sediments. We note that in order to
obtain a holistic liquefaction susceptibility of the silt beds, Atterberg limits would have been
required (Boulanger and Idriss, 2006). However, determining Atterberg limits on the internal
tephra beds was not possible in our study due to the small volume of tephra material available.
Liquefaction is evidently a feasible deformation mechanism for the SSDS described in our study.

In subsequent sections we assume that SSDS reported here were caused by liquefaction.
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6.2. Driving forces of deformation

6.2.1 Influence of tephra thickness on occurrence and type of SSDS

The analyses of sedimentary facies and SSDS revealed that the thickness of tephra layers
and their internal beds varied somewhat throughout the lakes of the Hamilton lowlands (Fig. 4)
and that deformation was commonly initiated within the very fine to fine sand and medium sand
beds (e.g., Rr-2, Rr-3), but constrained by the upper silt bed (e.g., Rr-1), where deformation was
limited to the collapse of organic lake sediments and upper silt beds .~to underlying tephra beds
(Figs. 6-9). It may be assumed that variations in thickness (i.e., cVaiiable volume during the
deformation process) of tephra layers and their internal beas may have therefore controlled the
occurrence and type of SSDS.

An initial assessment of the driving forces « < dzformation was performed by analysing
the thicknesses of tephra layers and their i *err.al beds and comparing them to the type and
dimensions of SSDS. The total tephra thic'ness hr,; and the thicknesses of the upper silt bed
hs;c and liquefiable (‘deformable’ L. m.vious sections) beds h,;, were correlated to the
dimensions of SSDS by meanc o\ the average area (visible in the split core) and the maximal
vertical length of individvar SSuS, respectively (Fig. 11). A fairly strong positive relationship
was obtained for the corre’ation between the total tephra thickness and the average area of SSDS,
with a Pearson’s correlation coefficient of R = 0.91 (Fig. 11a). Hence, we conclude that the
average area of SSDS linearly increases with the total tephra thickness. Furthermore, it was
found that SSDS occurred in tephra layers of at least ~8 mm thickness and that the type of SSDS
depended on the total tephra thickness and, thus, the available volume of liquefiable tephra
material. Type 2 and 3 SSDS, having the smallest dimensions of SSDS analysed in our study,
commonly occurred in tephra layers with total thicknesses less than ~20 mm (with some

exceptions). Type 1b complex down-sagging structures exhibited larger dimensions and occurred
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in tephra layers of intermediate thickness (~30 mm). Type 1a solitary down-sagging structures
exhibited the largest dimensions and occurred in tephra layers at least ~40 mm in thickness.

The thickness of the upper silt bed and the thickness of the liquefiable bed(s) correlated
with the average area of SSDS too, with Pearson’s correlation coefficients of R = 0.91 and
R = 0.70, respectively (Fig. 11b-c). The fairly strong correlation between the thickness of the
upper silt bed, which was not directly involved in the liquefaction process, and the average area
of SSDS, is considered here to be a result of the intrinsic relationsi,* » between the total tephra
thickness and the thickness of its internal beds. It may be expect. 1 that with an increase in total
tephra thickness, the thicknesses of internal beds would inr ea.c iikewise, keeping the
proportions more or less constant. This latter relationshi> ca.1 be directly observed, especially in
Rotorua tephra (Fig. 4). The maximal vertical lenc th 0f SSDS was only moderately correlated
with the thickness of liquefiable bed(s) (Fir;. 1. d). Therefore, the maximal vertical length of
SSDS is considered less suitable for asc~ssing wne dimensions and type of SSDS for a given
tephra layer.

The role of the liquefiabtz bcA(s) on the occurrence and type of SSDS was further studied
through relationships shown 1 F y. 11e-f. In these graphs, the thickness of the liquefiable bed(s)
was normalised by thz ~tal *cphra thickness (Fig. 11e) and by the thickness of the upper silt bed
(Fig. 11f). We observed trom these graphs that type 1 and 2 (10-100-mm long) SSDS formed
only in tephra layers in which the thickness of liquefiable bed(s) was less than 45% of the total
tephra thickness (i.e., hper/hro: < 0.45) and up to two times thicker than the upper silt bed (i.e.,
hpes/hsie < 2). This finding implies that the presence of a thick upper silt bed (in relation to the
liquefiable beds) is an important control for the liquefaction process forming these two types of
SSDS in our study. Type 3 (<10-mm long) SSDS, on the other hand, formed over a wider range

of proportions of internal tephra beds (i.e., 0.2 < hper/hror < 1.0 and 1 < hper/hgyr <9),
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indicating that the liquefaction process forming this type of SSDS was driven to a lesser extent

by the presence of an upper silt bed.

6.2.2. Down-sagging structures

The down-sagging structures reported in the present study exhibited internal flow
structures and may resemble downward-directed dykes formed as consequence of fluidisation in
the later stage of liquefaction (Owen et al., 2011). However, down. ard-directed dykes are
physically impossible (even in reverse b-a density gradient syste.ms) Jue to the normal hydraulic
gradient in the pore water. The only exception for downwe: d-u:rscted dyke formation due to
fluidisation is in subglacial environments, where the hy.+oo :ological system may allow for
injections being directed upwards, laterally, and d wnvards (Eyles and Clark, 1985).
Downward-directed dykes are not feasible ‘.1 0 Ir scudy because the northern North Island of New
Zealand did not undergo significant glaciation (i.e., no glacierisation) before or since the
formation of the lakes within the Hanii'o/1 lowlands (Newnham et al., 1989; Newnham et al.,
1999; Barrell et al., 2013; Lorre\ a2 Bostock, 2017).

Alternatively, the dov.n-sagging structures could have formed as sand infills into fissures
and cracks in environ.noni controlled by extensional tectonics. This type of SSDS is commonly
referred to as Neptunian dyke and is considered to form passively due to gravity and not
necessarily because of a the process of fluidisation and liquefaction (Moretti and Sabato, 2007;
Basilone et al., 2016). The Hamilton lowlands are not known to have been affected by any
extensional tectonics in the past 20 kyrs (e.g., Edbrooke, 2005). Furthermore, it is considered
unlikely here that fissures and cracks could form in the soft, unconsolidated, organic lake
sediment. Therefore, it is not possible that the down-sagging structures reported in our study are

Neptunian dykes.
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We conclude that the down-sagging structures most closely represent some sort of load
structures. The driving force of deformation of load structures is considered to be related to
gravitational instabilities caused by the reverse density gradient system between the tephra layer
and the relatively less-dense organic lake sediment below (Anketell et al., 1970). In our study, all
types of down-sagging structures occurred in tephra deposits interlayered with organic lake
sediment and commonly containing an upper silt bed.

To better understand the driving mechanism in such a syste 1, dry bulk densities and
mean grain sizes were obtained for the relevant internal beds of \e 71 uhua and Rotorua tephras,
these being the two thickest tephra layers in our study. The.e .2rameters were plotted next to
conceptual representations of those tephra layers once 1, vueied (Fig. 12a-b). The SSDS shown
in these conceptual three-dimensional models repr 2s.n* simplifications of the type 1a solitary
down-sagging structures presented for Tuh'.a a1d i"otorua tephras in Fig. 6. Both Tuhua and
Rotorua tephra layers exhibited dry bui!- densiues up to ~four times larger than those of the
overlying and underlying organic lake cecunent and, thus, created three-layer a-b-a density
systems. Furthermore, the mean gra:n size x (here representing the position of the grain size
distribution curve relative to *he »,oundaries of liquefiable soils) was found to be considerably
larger for the liquefiaun beds (60 < X < 130 um) than for the organic lake sediments and upper
silt beds (the last two having x = 10 wm). Based on these grain size results, the liquefiable beds
of Tuhua (Tu-2) and Rotorua (Rr-2, Rr-3) tephras are considered to have moderate (i.e.,
“potentially liquefiable”, sensu Tsuchida, 1970) and high susceptibilities to liquefaction (i.e.,
“liquefiable”, sensu Tsuchida, 1970), respectively, whereas the organic lake sediment and upper
silt beds may be considered to have low susceptibility to liquefaction.

Collecting dry bulk density samples from the other tephra samples was not feasible

because of their thinness. The grain size distribution curves of the upper silt beds (where
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applicable), and of the liquefiable beds of the remaining tephra layers (i.e., Mamaku, Opepe,
Mangamate, Waiohau, Rerewhakaaitu), followed similar trends as shown for Tuhua and Rotorua
tephras (Fig. 10). Therefore, we conclude that the remaining tephras probably deformed because
of a similar driving mechanism as that described for the Tuhua and Rotorua tephras.

Building on the early work of Anketell et al. (1970), Owen (2003) published
comprehensive concepts for load structure formation in reverse b-a density systems. Hence, the
morphologies of load structures depend on the contrast in density . and relative kinematic
viscosity k between the upper and lower layer (Fig. 12c). For rev =rse b-a density systems (i.e.,
pa < Pp), for which the relative kinematic viscosity of the «ow.: 1ayer is much smaller than that
of the upper layer (i.e., k, < kj), it may be expected th.* nzrrow, elongated, downward-directed
load structures comprising the relatively denser mt«ricl, would form together with wide,
upward-directed dome-shaped structures crmp ising the relatively less-dense material (Owen,
2003). The down-sagging structures we have reported here resemble the narrow, elongated load
structures of this model.

We adapted the concept ‘or 1>ad structure formation published by Owen (2003) to three-
layer (a-b-a) density systems Fir,. 12d), where units al and a2 represent the organic lake
sediment above and keiow ciit b of relatively higher density (i.e., a tephra layer containing the
upper silt bed). The organic lake sediment is assumed to exhibit a considerably lower kinematic
viscosity than the tephra layer. The upper, less-dense unit al likely exhibits a slightly lower
density and stress state than the underlying, less-dense unit a2, due to normal consolidation of
the sediment column in the lake. Therefore, liquefaction in unit b would cause upward-directed
intrusion into the overlying sediment unit al. However, the presence of a less-liquefiable
permeability barrier at the top of the central unit b is preventing upward-directed dyke formation.

Instead, the tephra liquefies, resulting in loss of shear strength, and behaves in a viscous fluid-
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like manner, while sagging downwards into the underlying less-dense organic lake sediment. A
similar driving force of deformation has been proposed for multi-layered reverse density systems
(Moretti and Ronchi, 2011).

Wide, upward-directed, dome-shaped structures are commonly associated with this type
of load structure (Owen, 2003). However, wide, upward-directed dome-shaped structures were
not seen in our study. This is probably a result of the coring and sampling approach used in our
study. The use of sediment/well cores to study large-scale SSDS, v."iich can vary in dimensions
and type within relatively small lateral distances (Morsilli et al., 202( ), has limitations, as
discussed comprehensively by Ezquerro et al. (2015).

Toré and Pratt (2016) studied a lacustrine sedinionta y record from the Eocene Green
River Formation (Wyoming, U.S.A.) and reported sr2'l upward- and downward-directed SSDS
in three-layer a-b-a systems. It is considerer. It ely here that the concept for load structure
formation in three-layer (a-b-a) density <ystems of our study could be applicable to other

lacustrine sedimentary records, such s h - one studied by T6r6 and Pratt (2016).

6.2.3. Dykes

Dykes were cus2rve? only twice among the large number of down-sagging structures
described in our study and were restricted to small intrusions from the liquefiable source beds
into the upper less-liquefiable silt beds (Fig. 8). Such upward-directed injection follows the
deformation mechanism for sand liquefaction in normal density gradients (Rodriguez-Pascua et

al., 2000; Owen and Moretti, 2011; Belzyt et al., 2021).

6.2.4. Collapse structures
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In the present study, we observed distinctive collapse structures, sometimes with
associated faults, that coincided with the down-sagging structures (Figs. 6-9). Collapse structures
were characterised by the mixing of overlying organic lake sediment with parts of the upper silt
bed of the tephras, sometimes forming fold-like structures (e.g., Fig. 7a). Similar deformation
structures have been interpreted as water-escape structures due to fluidisation following
liquefaction in sandy beds that were constrained by less-permeable beds (Moretti and Sabato,
2007). Here, the collapse structures and associated faults are instew” considered to have resulted
from the collapse of organic lake sediment and the upper silt bec intc voids created by the down-

sagging of tephra material into underlying organic lake sed:me*s.

6.3. Triggering mechanism
6.3.1. Non-seismic triggers

Liquefaction can be triggered ¥,y maay different allochthonous processes (Owen and
Moretti, 2011), such as pressure f'.ictuctions due to water waves and turbulent water flow (e.g.,
Dzuynski and Smith, 1963; Ok.sa, 1985), tsunamis (e.g., Benson et al., 1997), tidal shear (e.g.,
Wells et al., 1980), rapid sediment loading (Anketell et al., 1970), groundwater seepage (e.g., Li
et al., 1996), periglacial orocesses (Harris et al., 2002), and impacts of extra-terrestrial objects
(Alvarez et al., 1998).

The lakes of our study occur in basins formed within sheltered embayments in the
Hamilton lowlands with no connection to the ancestral Waikato River once formed because of
the latter’s subsequent entrenchment after ~17.5 cal ka BP (Lowe and Green, 1992; Newnham et
al., 2003). Therefore, pressure fluctuations due to water waves and turbulent flow, tsunamis, and

tidal shear are considered unlikely to be trigger mechanisms. Moreover, the tephras were
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deposited very rapidly, mantling the lake-bed morphology, a characteristic of tephra-fall
deposition (Lowe, 1985; Lowe, 2011; Houghton and Carey, 2015). They were then buried by
very slow deposition of organic lake sediments with typical sedimentation rates of ~0.1-0.5
mm/yr (Green and Lowe, 1985; Newnham et al., 1989), making it highly unlikely that overlying
sediments caused significant excess pore pressure within tephra layers. Seepage has not been
observed as a liquefaction trigger in lacustrine environments, and is known to produce
predominantly tubular SSDS (Li et al., 1996). In the present study, ‘«own-sagging structures were
observed to be sheet-like rather than tubular (e.g., Fig. 6), excluu’na .eepage as a potential
triggering mechanism. There are no indications that impact*s or c«tra-terrestrial objects or
periglacial processes, played a role in triggering liquefac*ior. in our study, and the northern North
Island environment is too temperate for periglacia r.ozesses (e.g., Newnham et al., 1989;

Newnham et al., 1999; Leathwick et al., 20%3; _on 2y and Bostock, 2017).

6.3.2. Seismic trigger

A number of criteria are >on.monly used in order to assess the likelihood for seismic
(autochthonous) triggers of SCD¢ (Owen and Moretti, 2011). In recent earthquakes, liquefaction
has been observed in wi e «ieas around the epicentre (Cubrinovski et al., 2011). Seismically
induced SSDS should therefore be of large lateral and areal extent. In the present study, SSDS
were observed in nine out of ten lakes extending over a wide area (with a maximum extent of
~40 km) within the Hamilton lowlands (Figs. 1, 3). We acknowledge here that core records
analysed in our study were not suitable to comprehensively assess the lateral extent of
liquefaction because sediment cores can only reflect sedimentary successions at a single location
(Ezquerro et al., 2015), but, nevertheless, we obtained multiple cores from lakes across the study
area and, thus, providing a degree of replication from multiple locations (Table S1).
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The effect of seismically-induced liquefaction on susceptible sediment is pervasive,
which means that SSDS should be laterally continuous, with some notable exceptions (Morsilli
et al., 2020), unless there is some significant variation in sediment properties (Owen and Moretti,
2011). The present study found that internal bedding characteristics and grain size distribution of
some tephra layers varied throughout the Hamilton lowlands (Figs. 4, 10). The influence of this
variability on liquefaction susceptibility of these tephras was studied by comparing mean grain
size and thicknesses of liquefiable beds and upper silt bed betweer, *ephra layers that resisted the
triggering and stayed intact (i.e., no SSDS observed) and those ti at I juefied (i.e., SSDS
observed) (Fig. 13). The available data of mean grain size =na :.ckness of internal beds
compiled in Fig. 13 exhibited a considerable scatter. Ho vev :r, the tephra properties of intact
tephra layers were commonly within the standard e 1ation of those obtained for liquefied tephra
layers, indicating variations in tephra prope: ae * were not a significant influence on whether or
not liquefaction was triggered. Fig. 13 o!so higulights the fact that the deformation of tephra
layers did not cause a significant char.g : 1", thickness of tephra layers and their upper silt beds.
We note that a considerable nur be, »f tephras could not be included in the comparison because
detailed grain size data and 1. ternal bedding characteristics were not available for all cores.
Interestingly, Fig. 13 «nu. 4lso be used to differentiate the bedding characteristics of upper silt
beds and liquefiable beds of intact tephra layers (dashed line in Fig. 13a).

The pervasive nature of SSDS could be observed in the 1b complex down-sagging
structures because deformation in the associated tephra layers was not restricted to a single SSDS
per core. Other types of SSDS, especially the type 2 down-sagging structures and dykes, are
considered less pervasive as only single SSDS were observed in each core. This observation may
have been influenced by the use of sediment cores, being only 50 to 80 mm wide, rather than

natural outcrops (Ezquerro et al., 2015) (which do not exist). However, it may be concluded here
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that the presence of at least one type of pervasive SSDS, the type 1b complex down-sagging
structure, is a sufficient indication for a seismic trigger of all SSDS because the different types of
SSDS occurred in the same tephra layers within the same sedimentary successions.

Earthquakes are recurring events (Owen and Moretti, 2011). Therefore, seismically
induced SSDS should be repeated throughout a vertical sedimentary succession. In our study,
SSDS were reported for the seven major tephra layers deposited between 17.5 and 7.6 cal ka BP.
Timing of triggering is difficult to obtain, however, because the o1, nic lake sediment and tephra
layers are considered to be essentially unconsolidated with mino. or '10 ageing effects having
taken place since deposition. One or more triggering events m.’ nave caused liquefaction in the
lakes within the Hamilton lowlands. Subsequent events mav have caused re-liquefaction,
although this is often considered a rare phenomen«n (Qbermeier, 1996; Owen and Moretti,
2011). Therefore, the repeated occurrence ¢, 55DC could not be used as a valid criterion to
assess seismic triggering in the present ~tudy.

Morphological similarities beinee's SSDS and structures formed by liquefaction in recent
earthquakes might seem a valualile criterion for recognising a seismic origin (Owen and Moretti,
2011). The load structures a..1 dves reported in our study resembled liquefaction structures that
have been unambigucuty firked with seismic triggering (Rodriguez-Pascua et al., 2000).

The proximity ot taults that have been active during the formation of SSDS, and which
have the potential to have caused moment magnitude M > 5 earthquakes (Rodriguez-Pascua et
al., 2000), is considered as strong evidence for the seismically-induced triggering of liquefaction
(Owen and Moretti, 2011). A number of faults may have been active since the deposition of the
first tephra layer (Fig. 14). Large (moment magnitude M > 7.2) paleoearthquakes occurred
between 7.3 and 0.5 cal ka BP at the offshore subduction margin, the Hikurangi Trough located

~250 km to the southeast of our study area (Fig. 1b) (Clark et al., 2019). At least three of the
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earthquakes that occurred at the Hikurangi Trough since the deposition of the tephra layers in the
Hamilton lowlands originated from ruptures longer than 450 km along the margin (Clark et al.,
2019). Assuming a fault width of 150 km and using the new fault scaling relationship from the
National Hazards Model 2022 for New Zealand (Gerstenberger et al., 2022), we calculated
moment magnitudes of 8.4 < M < 8.9 for the three events. From global and New Zealand-
specific liquefaction observations (Maurer et al., 2015), the maximal distance from a M-8.9
rupture at which liquefaction can occur is somewhere between 150 «nd 250 km. We note that in
order for earthquake waves originating from faulting within the \ 'ikv.:angi Trough to reach the
Hamilton lowlands, they must travel through the Taupo Vnicai.: Zone, the deposits in which are
known to attenuate seismic waves (McVerry et al., 2000 T s, the actual maximal distance at
which liquefaction can occur may be considerably sr.ig'ler. Nevertheless, we conclude here that
there is still a potential for faulting within t'.e t 'iku-angi Trough to have caused liquefaction
within the Hamilton lowlands, despite «*tenuation of seismic waves within the Taupo Volcanic
Zone.

Two periods of seismic =ctiv 'ty were inferred from paleoseismic mapping at the Kerepehi
and Te Puninga faults locate ' wimnin the Hauraki plains up to ~46 to ~58 km to the northeast
(Fig. 1b), and from feus* aut™ ity observations and damage mapped in the Waitomo Caves,
located ~57 km to the south (Persaud et al., 2016; Lang et al., 2021; Van Dissen et al., 2021,
Williams, 2021; Villamor, 2022) (Fig. 14). The Kerepehi and Te Puninga faults were estimated
to have caused large (M = 7) earthquakes (Persaud et al., 2016; Villamor, 2022). Ground motion
simulations of an M-7 earthquake at the Kerepehi Fault yielded peak ground accelerations
between 0.15 and 0.27 g at the lakes of the present study (Dempsey et al., 2021), well above the
minimum peak ground acceleration of 0.07 g needed to cause liquefaction in sandy soils of New

Zealand (Maurer et al., 2015). However, the liquefaction threshold of Maurer et al. (2015) should
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be applied with care here because it does not encompass the liquefaction of pumiceous tephra-
derived soils, which in some cases have been found to exhibit considerably higher liquefaction
resistance than sandy (non-pumiceous) soils (Asadi et al., 2018).

The two periods of seismic activity identified for the Hauraki Plains align well with the
time of deposition of six of the seven major tephra layers (Fig. 14). The first seismic period
(~22.3 to ~13.7 cal ka BP) encompasses deposition of the three oldest tephra layers (i.e.,
Rerewhakaaitu, Rotorua, and Waiohau), whereas the second seism.:~. period (~10.0 to ~0.3 cal ka
BP) encompasses deposition of the three youngest tephra layers \i.e.. Opepe, Mamaku, Tuhua). It
may be concluded here that fault activity at the Kerepehi ar d/v- 7 e Puninga faults is a plausible
seismic trigger for liquefaction that caused SSDS in our stuc y.

Some aspects of the frequency or complex’'tv of SSDS in our study were found to
decrease with distance from a fault that ma®, hec /e «2en active during the deformation process,
which is considered to be the strongest ~vidence for the seismic triggering of SSDS (Pope et al.,
1997; Owen and Moretti, 2011). A pctrnt-al zonation of SSDS within the Hamilton lowlands
was assessed spatially and tempaorai 'y through Fig. 15. For two time periods, reflecting the
deposition of the three oldes. tepiiras (i.e., Rerewhakaaitu, Rotorua, Waiohau) and the three
youngest tephras (i.e., Onere, Mamaku, Tuhua), respectively, the number of each type of SSDS
was plotted, for each lake, in relation to the total number of cores in which a particular tephra
layer could be observed (i.e., was present and not classified as discontinuous). For example, in
Lake Rotoroa (C1), the total number of SSDS observed for Waiohau tephra was two (i.e., one
type 2a down-sagging structure and one type 3 down-sagging structure). The total number of
Waiohau tephra layers assessed at this lake (i.e., classified as intact or showing signs of SSDS)
was eight. Dividing the number of SSDS by the number of total tephra layers assessed yielded a

frequency estimate for SSDS occurrence for a particular lake (being 25% in this particular
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example). The total number of observations varied between lakes, affecting the confidence of the
presented analysis. For example, at Lake Ngaroto the total number of tephra layers analysed was
relatively low, providing some uncertainty when obtaining a frequency of SSDS occurrence. In
contrast, at Lake Maratoto, where around 30 sediment cores were taken (Green and Lowe, 1985),
the total number of tephra layers being analysed ranged from 13 to 20 between different tephras,
providing higher certainty when calculating the frequency of SSDS occurrence.

When considering the three oldest tephra layers (Fig. 15a), *'ie complexity (i.e., type 1-3
SSDS exhibit descending degree of complexity) and frequency ¢ SSDS increased consistently
towards the northeast, suggesting a link between seismic a.civ.’ on the Kerepehi and/or Te
Puninga faults and liquefaction in the Hamilton lowlan.~ W e acknowledge that the trend in
complexity of SSDS could be partly the result of \ ar:ahility in tephra thickness as discussed
earlier (see Fig. 11). However, a clear conn-.ctidn 2tween tephra thickness variability (Fig. 4)
and complexity of SSDS (Fig. 15) couid not be found. The trend in complexity towards the
northeast could not be observed for tt.e (h ce youngest tephra layers (Fig. 15b). For these layers,
the occurrence of SSDS was insieau restricted to the central part of the study area, with the
complexity and frequency o. SSL.3 being lower than that for the older tephra layers. The
occurrence of SSDS v.*hi. t.e younger tephra layers matches the location of the recently-
mapped Hamilton Basin taults (Moon and de Lange, 2017; Van Dissen et al., 2021). The
Hamilton Basin faults occur in the upper Hamilton Ash beds, dated at ~74 ka BP (Lowe, 2019).
Hence, the Hamilton Basin faults are currently considered older than the tephra layers analysed
in the present study, because the riverine and riverine-phytogenic lakes in which these occur
were formed by deposition of the ~20-ka-BP-old Hinuera Formation (Kear and Schofield, 1978;
Lowe and Green, 1992; McCraw, 2011). It is currently unknown if the Hamilton Basin faults

were active after the deposition of the Hinuera Formation. However, from the spatial proximity
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of the SSDS in the younger tephra layers to the Hamilton Basin faults, we infer that they may
have been triggered by a near-field seismic source within the Hamilton lowlands, therefore
potentially from one or more of the Hamilton Basin faults. Alternatively, liquefaction in the
younger tephra layers could have been triggered by far-field earthquakes from the offshore

Hikurangi subduction margin.

7. Conclusions

The present study analysed a large number of soft-s :a.me.t deformation structures
(SSDS) that occurred in seven unconsolidated, up to 8-:m ti ick, silicic tephra layers that were
deposited in ~35 riverine and riverine-phytogenic 'ak 2s within the Hamilton lowlands, central
North Island, New Zealand, since 17.5 cal k. "P. Rased on sediment descriptions, X-ray
computed tomography (CT) scanning, “nd ana.yses of dry bulk density, grain size distribution,
and Atterberg limits of samples from zce: taken from ten lakes, the following conclusions are
made.

e SSDS were ciassli.ad into elongated load structures (i.e., down-sagging
structu. os) ~f rifferent dimensions, ranging from millimetre- to decimetre-scale,
and centiinietre-long dykes.

e Deformations commonly involved the intrusion of very fine sand to medium sand
internal tephra beds into underlying organic lake sediments. Tephra layers
commonly exhibited an upper silt bed, which was not directly involved in the

deformation process.
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e The organic lake sediment and the upper silt bed are considered as less
liquefiable, whereas the very fine sand to medium sand internal tephra beds are
considered as liquefiable.

e The dimensions of SSDS linearly increased with the thickness of the source
tephra layer.

e The tephra layers, and the organic lake sediments above and below them, form
three-layer (a-b-a) density systems. It is inferred he: . that downward-directed
deformation was favoured by this three-layer (a-b ?) r.ensity system, together with
the presence of an upper, less-liquefiable si'* beu preventing upward intrusion
during the liquefaction process.

e The spatial and temporal occurrenc2 sf 3SDS within the Hamilton lowlands
provided some evidence the” lio Jefaction of the older tephras, deposited between
17.5 and 14 cal ka BP, w2s triggered by a seismic source to the northeast (i.e.,
Kerepehi and/or Te Pun’'nca faults in the adjacent Hauraki Plains).

e Liquefaction of t* e yuunger tephra layers, deposited between 10.0 and 7.6 cal ka
BP, may have ~een triggered by local faults within the Hamilton lowlands,
namely o.>e ur more of the Hamilton Basin faults, or by distant faulting at the

Hikurangi subduction margin.
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Figure captions

Fig. 1. Study area. (a) Locations of ten lakes cored in our study and recently identified faults
(Moon and de Lange, 2017; Van Dissen et al., 2021) in the Hamilton lowlands (in the Hamilton
Basin). Base map is a low-resolution DEM from Land Information New Zealand. L. = Lake.
Abbreviated lake names are provided in parentheses. (b) Wider view of the locations of faults in
the Hamilton Basin (Fig. 1a) and the Te Puninga and Kerepehi fauv'ts in adjacent Hauraki Plains
(Persaud et al., 2016). (c) Map of the North Island, New Zealanc, wih general tectonic setting
and the main volcanic centres active since 20 cal ka (Leonarc et a.., 2010). The tephra deposits
preserved in the lakes originated from Okataina (OVC) Tac.»o (TVC), Tongariro (TgVC), and

Tuhua (TuVC) volcanic centres, and Taranaki Mai'.a volcano (TMv).

Fig. 2. Examples of downward-directed SSL "ss in Rotorua (Rr) tephra layers in historic cores
from various lakes (i.e., Kainui, Rotola.7ka, Leeson’s Pond). For locations of lakes see Fig. 1a.
(a) Down-sagging structure with ititer, 2l flow structures indicating pore pressure release (Lowe,
1988h). (b) Up to 20-cm long, ssure-like down-sagging structure (Lowe, 1988b). (c-e) Down-

sagging structures. Wh = Wai»hau tephra. The scale bars are in cm.

Fig. 3. (a) Stratigraphy of eight prominent tephra layers deposited in lakes throughout the
Hamilton lowlands. The Pleistocene-Holocene boundary and the subdivisions of the Holocene
follow Walker et al. (2009) and Walker et al. (2019), respectively. (b) Sedimentary facies of the
seven most relevant tephra layers showing nomenclature, grain size classes, and thicknesses of
internal beds used throughout the present study. Tephra layers were grouped (groups I-I11) based
on their thickness and internal bedding characteristics. (c) Correlation of post-20-cal-ka major

tephra layers between northern, central, and southern lakes within the Hamilton lowlands,
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indicating the different types of SSDS observed in specific tephra layers. Tephra names (Froggatt
and Lowe, 1990; Moebis et al., 2011) and volcanic sources (in parentheses: see Fig. 1c) are as
follows: Tp = Taupd (TVC); Tu = Tuhua (TuVC); Ma = Mamaku (OVC); Op = Opepe (TVC);
Mm = Mangamate (TgVC); Wh = Waiohau (OVC); Rr = Rotorua (OVC); Rk = Rerewhakaaitu
(OVC). Ages of tephras are from Moebis et al. (2011), Lowe et al. (2013), and Lowe et al.

(2018).

Fig. 4. Variability of tephra thickness and internal bedding chare cter,stics between lakes. Note
that internal bedding characteristics were not available for fv.vv tephra layer and lake due to lack
of a specific tephra in that lake or due to incomplete secime:t description. Full lake and tephra

names are provided in Figs. 1a and 3a.

Fig. 5. Variability in thickness of Tuhua (Tu, ~nd Rotorua (Rr) tephras within the Hamilton

lowlands. The orientation of thicknes*, ¢..nt.,urs (black solid lines) follow Lowe (1988b).

Fig. 6. SSDS in the shape of 3¢ -1¢9-mm long, type 1a solitary down-sagging structures
observed in (a) Rotorua ('r) <nd (b) Tuhua (Tu) tephras. Panels show (from left to right) core
photos, interpretations of 1 ternal bedding and deformation structures, and CT images of the
tephra layer and its deformation structures (with the organic lake sediment removed using a high-
pass filter) from the outside of the whole-round core and as a longitudinal slice through the
centre of the core. (a) Down-sagging structure (Rr-6) intrudes from medium sand bed (Rr-3)
through basal beds (Rr-4, Rr-5) into underlying organic lake sediment. Note that the fractured
appearance of the upper silt bed (Rr-1) is considered to be a coring artefact (i.e., A) and does not

represent deformation during the SSDS formation. (b) Three down-sagging structures (Tu-6, Tu-
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7, Tu-7) intrude from very fine to fine sand bed (Tu-2) through basal beds (Tu-4, Tu-5) into
underlying organic lake sediment. Labels and boxes in left panel indicate locations chosen for

grain size sampling.

Fig. 7. SSDS in the shape of 30—-100-mm long, type 1b complex down-sagging structures in
Rotorua (Rr) tephra. Panels show (from left to right) core photos, interpretations of internal
bedding and deformation structures, and (in 7(a) only) CT images »f the tephra layer and its
deformation structures (with the organic lake sediment removed usiri y a high-pass filter) from
the outside of the whole-round core and as a longitudinal slicc through the centre of the core.
Down-sagging structures (Rr-7 to Rr-18) intruding fror- me lium coarse sand bed (Rr-3) through
basal beds (Rr-4, Rr-5) into underlying organic lake : adiment. Numerous collapse structures (C-
2 to C-5) corresponded with deformations w .. in :~phra beds and indicate loss in tephra volume
due to the process of down-sagging of tephra . aterial. The labels and boxes in the upper left

panel indicate locations chosen for grir. .ze samples.

Fig. 8. SSDS in the shape of 10- 3u.-mm long, type 2a down-sagging structures (a-b), and type 2b
dykes (a, ¢) observed in (") Waiohau (Wh) and (b-c) Rotorua (Rr) tephras. Panels show (from
left to right) core photos ~.1d interpretations of internal bedding and deformation features. (a)
Type 2a down-sagging structure (Wh-4), with associated collapse structure (C-6), intruding from
very fine to fine sand bed (Wh-2) through the basal silt bed (Wh-3) into underlying organic lake
sediment. A type 2b dyke (Wh-5) was observed in the same tephra layer, intruding upwards
within very fine to fine sand bed (Wh-2). (b) Tephra intruded from medium sand bed (Rr-3)
through basal beds (Rr-4, Rr-5) forming two type 2a down-sagging structures (R-19, R-20). (c)

Type 2b dyke (Rr-21) intruding from very fine to fine sand bed (Rr-2) into silt bed above (Rr-1).

62



Fig. 9. SSDS in the shape of <10-mm long, type 3 down-sagging structures present in various
tephras and lakes with collapse structures (C-8 to C-17) indicating loss of tephra volume due to

the processes of deformation.

Fig. 10. Grain size distribution curves of (a) organic lake sediment and (b-f) tephra layers. If
applicable, grain size distribution curves were distinguished for upper silt beds, deformable beds,
and SSDS. Boundaries for liquefiable and potentially liquefiable s i's are from Tsuchida (1970).
In each plot, transparent and solid curves indicate individual anc ave aged grading curves,

respectively.

Fig. 11. Correlation between intact tephra and SSDC dimensions. (a-c) Correlations between
average area of SSDS and tephra thickness, <nac.fically: (a) thickness of total tephra layer; (b)
thickness of upper silt bed; and thickness of 1."uefiable bed(s). (d) Correlation between thickness
of liquefiable bed(s) and maximal ver.c.' length of SSDS. (e-f) Influence of proportions of
liquefiable bed(s) on occurrence &:d type of SSDS, with respect to (e) thickness of total tephra

layer and (f) thickness of upoer 2ilt bed.

Fig. 12. Schematics illustr ations of density systems in our study. (a-b) Variability in bulk dry
density and mean grain size of organic lake sediments and internal beds of (a) Tuhua and (b)
Rotorua tephras. Both tephras formed a-b-a density systems together with overlying and
underlying organic lake sediment. The liquefiable internal tephra beds exhibited considerably
higher mean grain sizes than organic lake sediments, and upper silt beds indicate higher degree
of liquefaction susceptibilities. (c-d) Schematic diagrams showing the driving force of load

structure formation for reverse density gradients that occur in (c) two-layer b-a density systems
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(after Owen, 2003) and (d) three-layer a-b-a density systems (this study). The two-layer density
system is solely controlled by the reverse density contrast of the two layers, whereas in the three-
layer density system, the less liquefiable upper silt bed prevented upward-directed dyke
formation. The three-layer density system is considered a valid model for load structure
formation (i.e., down-sagging structures) reported in our study. p and k denote the densities and

relative kinematic viscosities of the reverse density system, respectively (Anketell et al., 1970).

Fig. 13. Mean grain size and thickness of internal tephra beds of the . even major tephra layers
compared between (a) intact tephra layers and (b) tephra la: ‘e, ~ that exhibited SSDS. The
influence of tephra properties on the liquefaction susce; tibi 'ty can be considered neglectable on
the basis of available data. Note that a considerabl: rramber of tephras could not be included in
the comparison because grain size data and *..>rnc! bedding characteristics were not available
for all cores. Dashed lines indicate a pctential ‘reshold between the tephra properties of the

upper silt bed and the liquefiable bed: .

Fig. 14. Paleoseismic activity i1, the surroundings of the Hamilton lowlands detected by means of
fault rupture within th~ zcne « f Kerepehi and Te Puninga faults (located ~50 km northeast of the
study area) (Persaud et ¢' , 2016; Van Dissen et al., 2021), damage observed in the Waitomo
caves (located ~57 km south of the study area) (Lang et al., 2021; Williams, 2021), and
subduction earthquakes in the Hikurangi Subduction Margin (SM) (located ~250 km southeast of
the study area) (Clark et al., 2019). The paleoseismic activity clusters within two time periods,
extending from 22.5 to 13.7 and 10.0 to 0.3 cal ka, respectively. The three oldest tephra layers
(Rerewhakaitu, Rotorua, Waiohau) were deposited during the first seismic period, whereas the

three youngest tephra layers (Opepe, Mamaku, Tuhua) were deposited during the second seismic
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period. Liquefaction in the three oldest tephra layers could have been triggered either by activity
in the first or second seismic period, or both, whereas the three youngest tephra layers were

likely triggered by activity in the second seismic period.

Fig. 15. Spatial and temporal analysis of SSDS observed in the ten lakes within the Hamilton
lowlands. Type and frequency of SSDS occurrence for (a) the older tephra layers (i.e.,
(Rerewhakaitu, Rotorua, Waiohau), deposited between 17.5 and 1 «.0 cal ka BP, and (b) the

younger tephra layers (i.e., Opepe, Mamaku, Tuhua), deposited !etw 2en 10.0 and 7.6 cal ka BP.
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