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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 medium sand internal tephra beds are 

liquefiable. The tephra layers and encapsulating organic lake sediments formed three-layer (a-b-

a) density systems, where ‘a’ denotes the sediment unit of lower density. We infer that 

downward-directed deformation was favoured by the a-b-a density system with the upper, less-

liquefiable, silt bed within the tephra layer preventing upward intrusion during the liquefaction 

process. The spatial distribution and ages of SSDS within the lakes provided some evidence that 

liquefaction of the older tephra layers, i.e., Rerewhakaaitu, Rotorua, and Waiohau tephras, 

deposited 17.5, 15.6, and 14 cal ka BP, respectively, was triggered by a seismic source to the 

northeast of the Hamilton lowlands (i.e., Kerepehi and/or Te Puninga faults). In contrast, the 

liquefaction of the younger tephra layers, i.e., Opepe, Mamaku, and Tuhua tephras, deposited 

10.0, 8.0, and 7.6 cal ka BP, respectively, may have been triggered by movement on local faults 

within the Hamilton lowlands, 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  
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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; Rodrı́guez-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 transported upwards by the 

expulsion of water during the process of fluidisation and liquefaction, 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 weight to the pore fluid under undrained 

conditions, and is seen as the most common mechanism for the formation of dykes (Nichols, 

1995).  

Downward-directed SSDS occur either from mainly passive collapse of overlying 

materials into fissures and cracks, caused by extensional tectonics or glaciogenic processes (i.e., 

neptunian dykes) (Obermeier, 1996; Bektas et al., 2001; Montenat et al., 2007; Moretti and 

Sabato, 2007; Fortuin and Dabrio, 2008; Kang et al., 2010; El Taki and Pratt, 2012; Basilone et 

al., 2016; Lunina and Gladkov, 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; Törő and 

Pratt, 2016). 
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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-a density system with the 

enclosing lake sediment. Tephra deposits are the explosively-erupted, unconsolidated, 

pyroclastic products of a volcanic eruption of any grain size or composition (Lowe, 2011). 

Paleoliquefaction in tephra deposits has been rarely investigated previously. Only a handful of 

papers on the topic is known to us (Sieh and Bursik, 1986; Mazumder et al., 2016; Yang et al., 

2019; Molenaar et al., 2021). Following the commonly accepted concept of liquefaction 

discussed above, sediment deformations in a-b-a density systems should be directed upwards, 

following the direction of least resistance. However, in our lake records, the tephra layers were 

almost exclusively deformed downwards, forming SSDS in the form of several decimetre-long, 

elongated load structures (Fig. 2) (Lowe, 1988b).  

The SSDS were imaged 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., 
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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 

Taupō Volcanic Zone, offshore Tuhua Volcanic Centre, and distant Taranaki Maunga volcano 

(Fig. 1c). The basin’s most recent infilling deposits – Quaternary ignimbrites, volcanogenic 

alluvium, and tephra deposits – underlie low hills surrounded and partly buried by younger, 

secondary volcaniclastic alluvium, the Hinuera Formation, deposited ~20 cal ka by the ancestral 

Waikato River (Hume et al., 1975; Selby and Lowe, 1992; Manville and Wilson, 2004; Peti et 

al., 2021).  

Around 35 riverine and riverine-phytogenic lakes occur adjacent to the antecedent hills. 

Deposition of the Hinuera Formation across the mouths of small valleys formed alluvial dams, 

generating shallow basins in which groundwater and drainage formed these blocked-valley 

riverine lakes (Green and Lowe, 1985; Lowe and Green, 1992). In many cases, massive peat 

growth on top of the alluvium 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 Taupō 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).  
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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-directed SSDS in the tephra 

layers because, at that time, the Hamilton lowlands were believed to lack active faults 

(Edbrooke, 2005; Langridge et al., 2016) and therefore designated as having low to moderate 

seismic risk (Stirling et al., 2012). However, new evidence of faults (Fig. 1) and seismic activity, 

including within the Hinuera Formation (Hume et al., 1975; Kleyburg et al., 2015; Persaud et al., 

2016; Moon and de Lange, 2017; Van Dissen et al., 2021), now provide a seismogenic 

explanation for the downward-directed SSDS.  

3. Materials and Methods 

3.1. Coring 

Ten lakes from three different parts in the Hamilton lowlands were cored: three in the 

south (Ngāroto, 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 (Ngāroto) 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 the lake, overlapping cores 

were taken and then easily correlated using the distinctive physical properties of the glass-rich 

tephra layers present in the lake sediments, the layers being typically different in colour and 

thickness (e.g., see illustrations in Green and Lowe, 1985; Lowe, 1988b, 2019), to generate a 

composite core ~3–5 m in length for each lake. An example showing the construction of a 

composite core using tephrochronology is provided in supplementary Fig. S1.  

In most lakes, duplicate cores were also collected from different sites within the lake 

basin. Because of the duplication and the overlapping cores, the majority of tephra layers could 

be investigated more than once in each lake (up to 20 times in Lake Maratoto; Green and Lowe, 

1985), increasing the confidence in characterising SSDS. The sediment strata and stratigraphy of 

all but two lakes (Waiwhakareke, Rotokaeo) have been described previously (Green and Lowe, 

1985; Lowe, 1985, 1988b, 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 
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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 demonstrated in 3D scanning electron 

microscope data to confocal microscopy images of brain tissue (Thomas et al., 2021).  

Once the physical core cut was identified in the 3D X-ray CT volumes, the data were 

loaded into VGStudio Max and, to aid subsequent segmentation, the outer plastic tubing of the 

core was excluded using the ellipse selection tool to isolate the material inside the tube in the 

sagittal plane. The organic lake sediments above and below the tephra layers were removed 

digitally in both VGStudio and Syglass by applying a global histogram threshold based on X-ray 

attenuation, which was significantly different between the two constituents, and allowed images 

and videos to be exported revealing only the tephra deposit. The global histogram threshold was 

chosen to best correlate the tephra SSDS (at a longitudinal slice through the centre of the X-ray 

CT volume) to the physical cut 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 
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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 measurements, grain size distribution 

analyses, organic content, and Atterberg limits. Locations and depths of samples analysed by the 

four methods are provided in supplementary Table S2. Bulk density was determined by cutting 

tephra layers and organic lake sediments into rectangular prisms of varying dimensions 

depending on the available volume. A cutter knife was used in order to cut prisms without 

causing too much disturbance to the soil structures of the samples. Volumes of bulk density 

samples varied from 1 to 40 cm
3
. Dry bulk densities were determined multiple times to aid the 

reliable (reproducible) calculation of mean values with sufficient confidence: organic lake 

sediment (eight samples), Tuhua tephra (eleven samples), Mamaku tephra (six samples), 

Waiohau tephra (six samples), and Rotorua tephra (16 samples). Grain size distribution analyses 

were performed using a Malvern 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 m 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). 
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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 of the SSDS. 

4. Sedimentary facies 

The sedimentary succession as present in sediment cores taken from the riverine and 

riverine-phytogenic lakes in the Hamilton lowlands comprised three main geological units, 

namely pre-lake volcanogenic alluvial deposits (Hinuera Formation), organic lake sediments, and 

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

4.1. Pre-lake deposits (Hinuera Formation) 

The oldest unit preserved in the core records comprised unconsolidated, brownish-

greyish clays and clayey silts. 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 comprised unconsolidated, 

massive, olive-grey, dark brown to black, organic clayey silt. It hosted the tephra layers that 

exhibited SSDS. The organic content of this sediment ranged between 16 and 20 wt. % and bulk 

densities were commonly exceptionally low, with wet densities of 𝜌 ≈ 1,100 𝑘𝑔/𝑚3 and dry 

densities of 𝜌𝑑 ≈ 300 𝑘𝑔/𝑚3. The organic lake 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 plastic limit of 𝑤𝑃 = 119% and liquid limit of 𝑤𝐿 = 301%. 

The organic clayey silts were deposited in late Quaternary, typically dystrophic, lake 

environments and were found to be rich in humic material, being mainly classified as dy-gyttja 

and gyttja, or peat in shallow-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 

(Taupō, 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., Juvigné and Porter, 1985; Lowe, 1988a; Alloway et al., 2013).  

The observed tephra deposits commonly comprise horizontally bedded layers with 

distinctive boundaries with under- and overlying organic lake sediments (Fig. 3b). Taupō tephra, 

being the youngest tephra deposited at ~1.7 cal ka, was commonly only 1–3 mm thick and was 

therefore not considered further. The other seven tephra layers exhibited average thicknesses 

between 8 mm (i.e., Rerewhakaaitu tephra) and 44 mm (i.e., Rotorua tephra). Each of the tephra 

layers contained internal beds characterised by different grain sizes, varying between silt (i.e., 

extremely fine ash) and medium sand (i.e., medium ash). Except for Mangamate tephra, the 

tephra layers commonly had an upper silt bed, typically up to several millimetres thick. The 

upper silt bed was underlain by coarser beds, the number and grain size varying between tephras.  

Tephra layers were grouped (groups I–III) according to their total thickness and internal 

bedding characteristics (Fig. 3b). Group I 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 II 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 III 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 III 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 thicknesses of the tephra layers and 

their internal beds were similar throughout the Hamilton lowlands. Mangamate tephra, exhibiting 

similar thicknesses throughout the Hamilton lowlands, was typically dominated by the central 

medium sand bed (Mm-3), but the full sequence of internal beds was only present at one lake 

(Lake Rotokaeo, C2). The remaining tephras (Tuhua and Rotorua) exhibited larger variability in 

tephra thickness.  

The overall thickness of Tuhua tephra varied between 20 mm (in Lake Rotoroa, C1) and 

42 mm (in Leeson’s Pond, N3). A slight directional trend could be observed in the overall 

thickness of Tuhua tephra (Fig. 5). The thickness of Tuhua tephra seemed to increase from south 

to north. This observation is in accordance with Lowe (1988b) and Hopkins et al. (2021). The 

internal bedding characteristics 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 structures, their occurrence and 

dimensions being variable throughout the Hamilton lowlands (Fig. 3c). SSDS were differentiated 

into three main types based on their dimensions, ranging between 30–100 mm (type 1), 10–30 

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

5.1. Type 1a solitary down-sagging structures 

The term ‘type 1a solitary down-sagging structure’ was used to describe elongated, ~30–

100-mm long, solitary load structures that intruded (from the tephra layer) into underlying 

organic lake sediments. This type of SSDS was observed in six tephra layers and was restricted 

to deformations in the relatively thick Tuhua and Rotorua tephras deposited in central and north-

western lakes (i.e., Rotokaeo, 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 1a 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 sheet-like in CT images and 

resembled load casts (sensu Owen, 2003). Disruptions of the thin silt beds (Rr-4, Tu-4) and 

underlying very fine to fine sand beds (Rr-5, Tu-5) indicate that the infill material of the down-

sagging structure originated from the upper very fine to fine sand beds (Rr-2, Tu-2) or medium 

sand bed (Rr-3), or both.  

The down-sagging structure Rr-6, which formed in the Rotorua tephra layer (Fig. 6a), 

exhibited a sheet-like geometry with vertical orientation and pointed end, whereas in the Tuhua 

tephra layer (Fig. 6b), three sheet-like down-sagging structures (Tu-6, Tu-7, Tu-8) were present, 

one of them (Tu-8) inclined at ~45 degrees, and all extending down towards Mamaku tephra, the 

latter occurring ~80 mm below the Tuhua tephra layer. In addition to the three down-sagging 

structures, a small normal fault with an offset of ~4 mm was observed in the lower beds of 

Tuhua tephra (Tu-4, Tu-5). 

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 supplementary videos S5–S6. 

Similar to the type 1a SSDS, the type 1b complex down-sagging structures involved 

deformations in all internal beds of Rotorua tephra (except for the upper silt bed Rr-1) and the 

underlying organic lake sediment. Furthermore, down-sagging structures exhibited sharp, distinct 

boundaries with surrounding organic lake sediment. The infill material of the down-sagging 

structures originated from the upper very fine to fine sand beds (Rr-2) or medium sand bed (Rr-

3), or both.  

Individual type 1b complex down-sagging structures shown in Fig. 7 were commonly 2–

3 mm wide and up to 90 mm long (with most down-sagging structures being ~30–40 mm long) 

with pointed ends. Down-sagging structures were found to resemble load casts and 

pseudonodules (sensu Owen, 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 organic lake sediment appeared 

flame-like rather than straight (e.g., Fig. 7a). In one case (C-4, Rr-13), the organic lake sediment 

collapsed down into very fine to fine sand and medium sand beds (Rr-2, Rr-3), resulting in a 

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

5.3. Type 2a down-sagging structures  

The term ‘type 2a down-sagging structure’ was used to describe ~10–30-mm long load 

structures that intruded from a tephra layer downwards into underlying organic lake sediments. 

Thirteen of this type of SSDS were observed across various lakes (Ngāroto, S1; Maratoto, S3; 

Rotoroa, C1; Rotokaeo, C2; Rotokauri, C4; Leeson’s Pond, N3; Fig. 1a). They occurred in 

Mamaku, Mangamate, Waiohau, 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 ~10–30-mm long upward-directed 

intrusions from a tephra layer into the upper silt bed within the tephra layer. Two of this type of 

SSDS were observed at two lakes (Rotoroa, C1; Rotokauri, C4; Fig. 1a). They occurred in 

Waiohau and Rotorua tephras (Fig. 3c).  

A type 2b dyke (Wh-5) was observed within the Waiohau tephra, which also provided the 

source of the type 2a down-sagging structure 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 bed (Wh-1) was lifted upwards as a consequence of the deformation 

process of dyke Wh-5. A second 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 small lumps (commonly up to 

~5 mm long) entirely separated from the tephra layer. Down-sagging structures were commonly 

associated with the collapse of overlying organic lake sediment into 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 establishing a deformation mechanism and driving force 

system and then providing evidence for the most likely triggering mechanism using both the 

context-based and criteria-based 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 density (i.e., relative density) of 

the sediment (or tephra deposit). Liquefaction is commonly restricted to coarse silt to fine sand 

deposits (Moretti et al., 1999), although exceptions exist where liquefaction has been observed in 

gravelly soil (Cubrinovski et al., 2017; Zhou et al., 2020). Fine to medium silt is commonly 

considered less-liquefiable than coarse silt and sand (although cases exist, such as that of 

Ishihara, 1985), especially when clay minerals are present, preventing the collapse of the grain 

fabric during shearing (Boulanger and Idriss, 2006). In our study, SSDS were only observed in 

very fine to fine sand and medium sand tephra beds, whereas the upper silt beds and 

encapsulating organic lake sediments were not directly involved in the deformation process: the 

upper silt bed was passively involved in the collapse of organic lake sediment overlying the 

tephra layer and the organic lake 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; Rodríguez-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 sheared, these become 

compacted and produce a more pronounced pore water pressure than more densely packed 

deposits. The packing (i.e., relative density) of individual internal tephra beds could not be 

directly assessed in the present study because of the relatively large amount of tephra material 

needed to perform the required laboratory tests from which relative density would be derived 

(i.e., dry bulk density, minimum and maximum dry density tests, DIN 18126, 1996). The finely 

bedded tephra-fall layers were deposited through water soon after being explosively erupted and 

carried by wind from source volcanoes (Fig. 1c). It is very likely that the internal bedding in the 

tephra layers largely reflects primary atmospheric dispersal and fallout processes (e.g., Alloway 

et al., 2013; Hopkins et al., 2015; Mastin et al., 2023) rather than substantial re-sorting or 

potential reworking during, or 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 environment may also control the 

presence of permeability barriers within the sedimentary succession, such as mud layers, which 

increase the chance of liquefaction by creating zones of elevated pore water pressures 

(Obermeier, 1996; Owen and Moretti, 2011). The sedimentary environment in our study (i.e., 

lacustrine, together with tephra-fall deposition) favoured water-saturated successions of 

relatively loosely packed, relatively thin tephra deposits interlayered with fine-grained organic 

lake sediments. Furthermore, the sedimentation (atmospheric fallout) process of tephra layers 

generated the internal tephra bedding, typically with an upper silt bed at the top. It is plausible 

that the organic lake sediment above and below the tephra as well as the upper silt bed acted as 

permeability barriers and therefore increased the susceptibility to liquefaction in the very fine to 

fine and medium sand tephra beds. Deformation in Mangamate tephra was observed in only one 

lake (Lake Rotokaeo, C2). 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 
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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 lacustrine tephras (Lowe, 1988b), 

which are extremely vulnerable to rapid hydration and dissolution (e.g., Kirkman and McHardy, 

1980; Wolff-Boenisch et al., 2004; Churchman and Lowe, 2012), show that the glasses remain 

essentially pristine (shown also in other lacustrine-tephra studies, e.g.,  Newnham et al., 2004; 

Hopkins et al., 2015; Watson et al., 2016). In addition, the presence of easily weatherable silicate 

minerals, including olivine, in the ferromagnesian mineral assemblages (Lowe, 1988b) also 

indicates a lack of weathering. Only in special circumstances, such as very high acidity, are 

glasses and mafic minerals susceptible to dissolution in anoxic environments (e.g., Hodder et al., 

1991; Hodder et al., 1996). Hence, the tephra layers in our study have not undergone 

cementation, precluding a decrease in liquefaction susceptibility due to cementation.  

Consolidation and compaction 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., 𝜎𝑧 < 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 flame-like structure in type 

1b down-sagging structure R-13), probably due to the low plasticity of the organic lake sediment. 

The upper silt beds exhibited collapse structures often associated with down-sagging structures 

below (e.g., Fig. 7). These collapse structures exhibited mainly ductile but also sometimes brittle 

deformations, indicating that the upper silt beds were at the transition between ductile and brittle 

soil behaviour. 

The preceding discussion summarised the liquefaction-related compositional, geological, 

and morphological characteristics of organic lake sediments and tephra layers. It may be inferred 

here that the source tephra beds from which the deformation was initiated (i.e., very fine to fine 

sand and medium sand beds, equivalent to very fine to fine and medium ash beds in the 

volcanological grain size scale) 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 into underlying tephra beds 

(Figs. 6-9). It may be assumed that variations in thickness (i.e., available volume during the 

deformation process) of tephra layers and their internal beds may have therefore controlled the 

occurrence and type of SSDS.  

An initial assessment of the driving forces of deformation was performed by analysing 

the thicknesses of tephra layers and their internal beds and comparing them to the type and 

dimensions of SSDS. The total tephra thickness ℎ𝑇𝑜𝑡 and the thicknesses of the upper silt bed 

ℎ𝑆𝑖𝑙𝑡 and liquefiable (‘deformable’ in previous sections) beds ℎ𝐿𝑖𝑞 were correlated to the 

dimensions of SSDS by means of the average area (visible in the split core) and the maximal 

vertical length of individual SSDS, respectively (Fig. 11). A fairly strong positive relationship 

was obtained for the correlation 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 relationship between the total tephra 

thickness and the thickness of its internal beds. It may be expected that with an increase in total 

tephra thickness, the thicknesses of internal beds would increase likewise, keeping the 

proportions more or less constant. This latter relationship can be directly observed, especially in 

Rotorua tephra (Fig. 4). The maximal vertical length of SSDS was only moderately correlated 

with the thickness of liquefiable bed(s) (Fig. 11d). Therefore, the maximal vertical length of 

SSDS is considered less suitable for assessing the dimensions and type of SSDS for a given 

tephra layer.  

The role of the liquefiable bed(s) on the occurrence and type of SSDS was further studied 

through relationships shown in Fig. 11e-f. In these graphs, the thickness of the liquefiable bed(s) 

was normalised by the total tephra thickness (Fig. 11e) and by the thickness of the upper silt bed 

(Fig. 11f). We observed from 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., ℎ𝐷𝑒𝑓/ℎ𝑇𝑜𝑡 < 0.45) and up to two times thicker than the upper silt bed (i.e., 

ℎ𝐷𝑒𝑓/ℎ𝑆𝑖𝑙𝑡 < 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 < ℎ𝐷𝑒𝑓/ℎ𝑇𝑜𝑡 < 1.0 and 1 < ℎ𝐷𝑒𝑓/ℎ𝑆𝑖𝑙𝑡 < 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, downward-directed dykes are 

physically impossible (even in reverse b-a density gradient systems) due to the normal hydraulic 

gradient in the pore water. The only exception for downward-directed dyke formation due to 

fluidisation is in subglacial environments, where the hydrogeological system may allow for 

injections being directed upwards, laterally, and downwards (Eyles and Clark, 1985). 

Downward-directed dykes are not feasible in our study 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 Hamilton lowlands (Newnham et al., 1989; Newnham et al., 

1999; Barrell et al., 2013; Lorrey and Bostock, 2017). 

Alternatively, the down-sagging structures could have formed as sand infills into fissures 

and cracks in environments 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 system, dry bulk densities and 

mean grain sizes were obtained for the relevant internal beds of the Tuhua and Rotorua tephras, 

these being the two thickest tephra layers in our study. These parameters were plotted next to 

conceptual representations of those tephra layers once liquefied (Fig. 12a-b). The SSDS shown 

in these conceptual three-dimensional models represent simplifications of the type 1a solitary 

down-sagging structures presented for Tuhua and Rotorua tephras in Fig. 6. Both Tuhua and 

Rotorua tephra layers exhibited dry bulk densities up to ~four times larger than those of the 

overlying and underlying organic lake sediment and, thus, created three-layer a-b-a density 

systems. Furthermore, the mean grain size 𝑥̅ (here representing the position of the grain size 

distribution curve relative to the boundaries of liquefiable soils) was found to be considerably 

larger for the liquefiable beds (60 ≤ 𝑥̅ ≤ 130 𝜇𝑚) than for the organic lake sediments and upper 

silt beds (the last two having 𝑥̅ ≈ 10 𝜇𝑚). 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 𝜌 and relative kinematic 

viscosity 𝑘 between the upper and lower layer (Fig. 12c). For reverse b-a density systems (i.e., 

𝜌𝑎 < 𝜌𝑏), for which the relative kinematic viscosity of the lower layer is much smaller than that 

of the upper layer (i.e., 𝑘𝑎 ≪ 𝑘𝑏), it may be expected that narrow, elongated, downward-directed 

load structures comprising the relatively denser material, would form together with wide, 

upward-directed dome-shaped structures comprising 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 for load structure formation published by Owen (2003) to three-

layer (a-b-a) density systems (Fig. 12d), where units a1 and a2 represent the organic lake 

sediment above and below unit 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 a1 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 a1. 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, which can vary in dimensions 

and type within relatively small lateral distances (Morsilli et al., 2020), has limitations, as 

discussed comprehensively by Ezquerro et al. (2015).  

 Törő and Pratt (2016) studied a lacustrine sedimentary record from the Eocene Green 

River Formation (Wyoming, U.S.A.) and reported small upward- and downward-directed SSDS 

in three-layer a-b-a systems. It is considered likely here that the concept for load structure 

formation in three-layer (a-b-a) density systems of our study could be applicable to other 

lacustrine sedimentary records, such as the one studied by Törő and Pratt (2016).  

6.2.3. Dykes 

Dykes were observed 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 (Rodrı́guez-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 instead considered to have resulted 

from the collapse of organic lake sediment and the upper silt bed into voids created by the down-

sagging of tephra material into underlying organic lake sediments.  

6.3. Triggering mechanism 

6.3.1. Non-seismic triggers 

Liquefaction can be triggered by many different allochthonous processes (Owen and 

Moretti, 2011), such as pressure fluctuations due to water waves and turbulent water flow (e.g., 

Dzuynski and Smith, 1963; Okusa, 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 processes (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, down-sagging structures were 

observed to be sheet-like rather than tubular (e.g., Fig. 6), excluding seepage as a potential 

triggering mechanism. There are no indications that impacts of extra-terrestrial objects or 

periglacial processes, played a role in triggering liquefaction in our study, and the northern North 

Island environment is too temperate for periglacial processes (e.g., Newnham et al., 1989; 

Newnham et al., 1999; Leathwick et al., 2003; Lorrey and Bostock, 2017). 

6.3.2. Seismic trigger 

A number of criteria are commonly used in order to assess the likelihood for seismic 

(autochthonous) triggers of SSDS (Owen and Moretti, 2011). In recent earthquakes, liquefaction 

has been observed in wide areas 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 between tephra layers that resisted the 

triggering and stayed intact (i.e., no SSDS observed) and those that liquefied (i.e., SSDS 

observed) (Fig. 13). The available data of mean grain size and thickness of internal beds 

compiled in Fig. 13 exhibited a considerable scatter. However, the tephra properties of intact 

tephra layers were commonly within the standard deviation of those obtained for liquefied tephra 

layers, indicating variations in tephra properties were not a significant influence on whether or 

not liquefaction was triggered. Fig. 13 also highlights the fact that the deformation of tephra 

layers did not cause a significant change in thickness of tephra layers and their upper silt beds. 

We note that a considerable number of tephras could not be included in the comparison because 

detailed grain size data and internal bedding characteristics were not available for all cores. 

Interestingly, Fig. 13a could also 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 organic lake sediment and tephra 

layers are considered to be essentially unconsolidated with minor or no ageing effects having 

taken place since deposition. One or more triggering events may have caused liquefaction in the 

lakes within the Hamilton lowlands. Subsequent events may have caused re-liquefaction, 

although this is often considered a rare phenomenon (Obermeier, 1996; Owen and Moretti, 

2011). Therefore, the repeated occurrence of SSDS could not be used as a valid criterion to 

assess seismic triggering in the present study.  

Morphological similarities between SSDS and structures formed by liquefaction in recent 

earthquakes might seem a valuable criterion for recognising a seismic origin (Owen and Moretti, 

2011). The load structures and dykes reported in our study resembled liquefaction structures that 

have been unambiguously linked with seismic triggering (Rodrı́guez-Pascua et al., 2000).  

The proximity of faults that have been active during the formation of SSDS, and which 

have the potential to have caused moment magnitude 𝑀 > 5 earthquakes (Rodrı́guez-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 and 250 km. We note that in 

order for earthquake waves originating from faulting within the Hikurangi Trough to reach the 

Hamilton lowlands, they must travel through the Taupō Volcanic Zone, the deposits in which are 

known to attenuate seismic waves (McVerry et al., 2006). Thus, the actual maximal distance at 

which liquefaction can occur may be considerably smaller. Nevertheless, we conclude here that 

there is still a potential for faulting within the Hikurangi Trough to have caused liquefaction 

within the Hamilton lowlands, despite attenuation of seismic waves within the Taupō Volcanic 

Zone.  

Two periods of seismic activity were inferred from paleoseismic mapping at the Kerepehi 

and Te Puninga faults located within the Hauraki plains up to ~46 to ~58 km to the northeast 

(Fig. 1b), and from fault activity 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 seismic 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 and/or Te Puninga faults is a plausible 

seismic trigger for liquefaction that caused SSDS in our study. 

Some aspects of the frequency or complexity of SSDS in our study were found to 

decrease with distance from a fault that may have been active during the deformation process, 

which is considered to be the strongest evidence for the seismic triggering of SSDS (Pope et al., 

1997; Owen and Moretti, 2011). A potential zonation of SSDS within the Hamilton lowlands 

was assessed spatially and temporarily through Fig. 15. For two time periods, reflecting the 

deposition of the three oldest tephras (i.e., Rerewhakaaitu, Rotorua, Waiohau) and the three 

youngest tephras (i.e., Opepe, 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 Ngāroto 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), the complexity (i.e., type 1–3 

SSDS exhibit descending degree of complexity) and frequency of SSDS increased consistently 

towards the northeast, suggesting a link between seismic activity on the Kerepehi and/or Te 

Puninga faults and liquefaction in the Hamilton lowlands. We acknowledge that the trend in 

complexity of SSDS could be partly the result of variability in tephra thickness as discussed 

earlier (see Fig. 11). However, a clear connection between tephra thickness variability (Fig. 4) 

and complexity of SSDS (Fig. 15) could not be found. The trend in complexity towards the 

northeast could not be observed for the three youngest tephra layers (Fig. 15b). For these layers, 

the occurrence of SSDS was instead restricted to the central part of the study area, with the 

complexity and frequency of SSDS being lower than that for the older tephra layers. The 

occurrence of SSDS within the younger tephra layers matches the location of the recently-

mapped Hamilton Basin faults (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-sediment deformation structures 

(SSDS) that occurred in seven unconsolidated, up to 8-cm thick, silicic tephra layers that were 

deposited in ~35 riverine and riverine-phytogenic lakes within the Hamilton lowlands, central 

North Island, New Zealand, since 17.5 cal ka BP. Based on sediment descriptions, X-ray 

computed tomography (CT) scanning, and analyses of dry bulk density, grain size distribution, 

and Atterberg limits of samples from cores taken from ten lakes, the following conclusions are 

made. 

 SSDS were classified into elongated load structures (i.e., down-sagging 

structures) of different dimensions, ranging from millimetre- to decimetre-scale, 

and centimetre-long dykes. 

 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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 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.  

 The dimensions of SSDS linearly increased with the thickness of the source 

tephra layer.  

 The tephra layers, and the organic lake sediments above and below them, form 

three-layer (a-b-a) density systems. It is inferred here that downward-directed 

deformation was favoured by this three-layer (a-b-a) density system, together with 

the presence of an upper, less-liquefiable silt bed preventing upward intrusion 

during the liquefaction process.  

 The spatial and temporal occurrence of SSDS within the Hamilton lowlands 

provided some evidence that liquefaction of the older tephras, deposited between 

17.5 and 14 cal ka BP, was triggered by a seismic source to the northeast (i.e., 

Kerepehi and/or Te Puninga faults in the adjacent Hauraki Plains). 

 Liquefaction of the younger tephra layers, deposited between 10.0 and 7.6 cal ka 

BP, may have been triggered by local faults within the Hamilton lowlands, 

namely one or 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 faults in adjacent Hauraki Plains 

(Persaud et al., 2016). (c) Map of the North Island, New Zealand, with general tectonic setting 

and the main volcanic centres active since 20 cal ka (Leonard et al., 2010). The tephra deposits 

preserved in the lakes originated from Okataina (OVC), Taupō (TVC), Tongariro (TgVC), and 

Tuhua (TuVC) volcanic centres, and Taranaki Maunga volcano (TMv).  

Fig. 2. Examples of downward-directed SSDSs in Rotorua (Rr) tephra layers in historic cores 

from various lakes (i.e., Kainui, Rotokaraka, Leeson’s Pond). For locations of lakes see Fig. 1a. 

(a) Down-sagging structure with internal flow structures indicating pore pressure release (Lowe, 

1988b). (b) Up to 20-cm long, fissure-like down-sagging structure (Lowe, 1988b). (c-e) Down-

sagging structures. Wh = Waiohau 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–III) 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 = Taupō (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 characteristics between lakes. Note 

that internal bedding characteristics were not available for every tephra layer and lake due to lack 

of a specific tephra in that lake or due to incomplete sediment description. Full lake and tephra 

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

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

lowlands. The orientation of thickness contours (black solid lines) follow Lowe (1988b). 

Fig. 6. SSDS in the shape of 30–100-mm long, type 1a solitary down-sagging structures  

observed in (a) Rotorua (Rr) and (b) Tuhua (Tu) tephras. Panels show (from left to right) core 

photos, interpretations of internal 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 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. 

Down-sagging structures (Rr-7 to Rr-18) intruding from medium coarse sand bed (Rr-3) through 

basal beds (Rr-4, Rr-5) into underlying organic lake sediment. Numerous collapse structures (C-

2 to C-5) corresponded with deformations within tephra beds and indicate loss in tephra volume 

due to the process of down-sagging of tephra material. The labels and boxes in the upper left 

panel indicate locations chosen for grain size samples. 

Fig. 8. SSDS in the shape of 10–30-mm long, type 2a down-sagging structures (a-b), and type 2b 

dykes (a, c) observed in (a) Waiohau (Wh) and (b-c) Rotorua (Rr) tephras. Panels show (from 

left to right) core photos and 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). 
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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 soils are from Tsuchida (1970). 

In each plot, transparent and solid curves indicate individual and averaged grading curves, 

respectively. 

Fig. 11. Correlation between intact tephra and SSDS dimensions. (a-c) Correlations between 

average area of SSDS and tephra thickness, specifically: (a) thickness of total tephra layer; (b) 

thickness of upper silt bed; and thickness of liquefiable bed(s). (d) Correlation between thickness 

of liquefiable bed(s) and maximal vertical length of SSDS. (e-f) Influence of proportions of 

liquefiable bed(s) on occurrence and type of SSDS, with respect to (e) thickness of total tephra 

layer and (f) thickness of upper silt bed.  

Fig. 12. Schematics illustrations 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. 𝜌 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 seven major tephra layers 

compared between (a) intact tephra layers and (b) tephra layers that exhibited SSDS. The 

influence of tephra properties on the liquefaction susceptibility can be considered neglectable on 

the basis of available data. Note that a considerable number of tephras could not be included in 

the comparison because grain size data and internal bedding characteristics were not available 

for all cores. Dashed lines indicate a potential threshold between the tephra properties of the 

upper silt bed and the liquefiable beds. 

Fig. 14. Paleoseismic activity in the surroundings of the Hamilton lowlands detected by means of 

fault rupture within the zone of Kerepehi and Te Puninga faults (located ~50 km northeast of the 

study area) (Persaud et al., 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 14.0 cal ka BP, and (b) the 

younger tephra layers (i.e., Opepe, Mamaku, Tuhua), deposited between 10.0 and 7.6 cal ka BP. 
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