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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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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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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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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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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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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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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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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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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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