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G E O L O G Y

Tephra seismites—Understanding seismic hazard of 
hidden faults by analyzing liquefied tephra layers 
in lakes
Max O. Kluger1*, Richard A. Melchert1,2, José M. Moratalla2, Tehnuka Ilanko1,3, David J. Lowe1, 
Vicki G. Moon1, Pilar Villamor2, Jordanka Chaneva1,4, Nic Ross5, Rolando P. Orense6

Assessing seismic hazards in regions with hidden or poorly expressed faults is one of the major challenges in paleo-
seismology today. Here, we used computed tomography imaging to quantify the dimensions and distribution of 
liquefaction structures in ≤17.5–thousand-year-old tephra layers in 18 lakes scattered across the poorly expressed 
Hamilton Basin fault system in northern New Zealand. These “tephra seismites,” embedded in unconsolidated, 
organic-bearing lake sediment, increase in occurrence and dimensions toward known faults and indicate the occur-
rence of a local hidden fault segment. Through incorporating peak ground acceleration modeling, we found that the 
spatial distribution of tephra seismites directly relates to the ground shaking induced by near-field fault ruptures. 
We used the variability in tephra seismites within the stratigraphic record and tephrochronology to better constrain 
the recurrence intervals and magnitudes of paleoearthquakes from both the Hamilton Basin and adjacent Hauraki 
Basin fault systems. Our methodology is globally applicable in volcanic and tectonic regions where liquefaction 
structures are preserved among (hidden) faults.

INTRODUCTION
Hidden faults, which are of particular concern because of their undeter-
minable potential to induce seismic events, have been identified 
beneath numerous urbanized areas, including those in Los Angeles, 
Portland, and Christchurch (1–4). The 2011 Canterbury and 1897 
Assam earthquakes are notable examples of this phenomenon, as 
both events occurred because of the rupture of hidden faults (5, 6). 
In regions characterized by hidden or poorly expressed faults, the 
reconstruction of paleoearthquakes is commonly based on turbidite 
paleoseismology (7) or earthquake-induced soft-sediment deforma-
tion structures (i.e., seismites) (8, 9). Most knowledge regarding 
seismites is derived from field studies of lithified sediments accessible 
through outcrops, trenches (10–13), and cores (14). Consequently, 
the dimensions and types of seismites depend on the distance of 
paleoearthquakes and the intensity of shaking at the liquefaction 
site (15, 16). Notable challenges arise when using lithified sediments 
for paleoseismic assessments. The process of diagenesis may induce 
compaction and cementation within seismites, altering their mor-
phology, dimensions, and material properties. In addition, in most 
paleoseismology studies, only a handful of field sites were normally 
available for the characterization of seismites, this paucity being 
identified as an important barrier to comprehensive spatial and 
temporal earthquake reconstructions (17).

Unlithified seismites offer numerous advantages in paleoseis-
mology. In the absence of substantial diagenetic imprinting, the 
study of unlithified seismites preserved in extant lake sediments can 
provide a less-biased understanding of the liquefaction process that 
led to their formation (18–20). Noteworthy examples of unlithified 
seismites in lakes or shallow basins have been documented in several 
locations, including Lake Riñihue in Chile (21), central Switzerland 

(22), north Iceland (23), the Dead Sea (24), and the Hamilton lowlands 
in northern New Zealand (20). The three-dimensional morphologies 
of seismites from Lake Riñihue and from lakes within the Hamilton 
lowlands have been visualized through the application of x-ray com-
puted tomography (CT). These studies used tephrochronology to 
establish a correlation between seismite occurrence and paleoearth-
quakes (25). However, the dimensions and distribution of these seis-
mites were not used for spatial or temporal earthquake reconstruction.

The aim of our study is to enhance the reconstruction of seismic 
events from hidden faults by analyzing the dimensions and spatial-
temporal distribution of soft-sediment deformation structures that 
occur in thin, distal lacustrine tephra layers (i.e., tephra seismites) via 
CT imaging. Tephra is the explosively erupted, unconsolidated product 
of a volcanic eruption of any grain size (including volcanic ash) or 
composition (26). The ≤17.5–thousand year (ka)–old tephra seismites 
presented in our study are embedded in organic-bearing lake sedi-
ment and are present in at least 18 lakes distributed across the poorly 
expressed Hamilton Basin fault system in northern New Zealand 
(20, 27) (Fig. 1A). The seismic activity of the Hamilton Basin faults, 
parts of which lie underneath a large urban area (Hamilton City, 
population ~200,000), is unknown. In relatively close proximity, the 
active Kerepehi and Te Puninga faults in the nearby Hauraki Basin 
(~20 to 60 km to the northeast) have likely produced moment mag-
nitude (Mw) 6.9+ earthquakes with recurrence intervals between 3 
and 15 ka based on paleoseismic studies (Fig. 1B) (28, 29). The activity 
of the Aka Aka–Pōkeno–Mangatangi fault system (~50 to 90 km to 
the north) is also unknown (30). The tephra seismites vary in mor-
phology and dimensions between lakes and within the stratigraphic 
sequence. The Hamilton lowlands, hosting the Hamilton Basin fault 
system, and its many lakes, are therefore considered an ideal “paleoseis-
mograph” for reconstructing paleoearthquakes from hidden faults.

Here, we obtained medical CT images of 60 sediment cores and 
visualized more than 100 tephra seismites with the objective of ob-
taining interpolation maps of their spatial occurrence and variability 
in dimensions. We also analyzed their temporal variability within the 
stratigraphic sequence mainly using tephrochronology (supported by 
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Fig. 1. Sedimentological and tectonic setting of the Hamilton lowlands. (A) Locations of the 18 lakes cored in this study and recently identified, poorly characterized 
Kūkūtāruhe (KTR) and Te Tātua ō Wairere (TTW) faults (30) in the Hamilton lowlands. (B) Wider view of the study area showing faults in the Hamilton lowlands (A), the 
Te Puninga (TPN) and Kerepehi (KRP) faults in the adjacent Hauraki Plains (29), and the Aka Aka (AKA), Pōkeno (PKO), and Mangatangi (MGT) faults to the north in the 
South Auckland area (30). (C) Map of the North Island, New Zealand, showing tectonic setting and major volcanic centers active since 20 cal ka B.P. (74). (D) Correlation of 
the sedimentary sequences, including prominent post–20-cal-ka tephra layers, between northern, central, and southern lakes within the Hamilton lowlands. Full lake 
names, tephra names, and volcanic sources are provided in tables S1 and S2.

D
ow

nloaded from
 https://w

w
w

.science.org on February 19, 2026



Kluger et al., Sci. Adv. 12, eads2015 (2026)     18 February 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 14

radiocarbon dating, not reported) and linked these spatial-temporal 
liquefaction patterns to peak ground acceleration maps from rupture 
modeling of relevant near-field and far-field fault systems. The find-
ings of our study are applicable in other seismically and volcanically 
active regions worldwide, particularly in cases where active faults are 
hidden or where on-fault paleoseismic studies are impracticable, and 
where the geological setting favors the deposition of tephras in lakes.

RESULTS AND DISCUSSION
Tephra seismites in lakes function as 
natural paleoseismograph
The Hamilton lowlands contain 35 extant riverine and riverine-
phytogenic lakes, 18 of which were considered in our study (Fig. 1A). 
The sedimentary sequence of the lakes is composed of two primary 
geological units, namely, Late Pleistocene [greater than approximately 
20 thousand calibrated years before present (20 cal ka B.P.)] prelake 
volcanogenic alluvial deposits (31), overlain by lake sediment composed 
of organic-bearing, unlithified, low-density silt interlayered with 
tephra-fall deposits (Fig. 1D) (20, 27). A total of 14 prominent tephra 
layers, with ages ranging from 17.5 to 1.7 cal ka B.P. and thicknesses 
measuring between 0.2 and 8.2 cm, were identified. These layers 
were then correlated between lakes through tephrochronology, as 
detailed in table S2. Each of the tephras is consistent in its mineral-
ogical assemblages (dominated by volcanic glass, both vesicular and 
nonvesicular, with subordinate felsic and mafic minerals) across the 
lakes in the Hamilton lowlands (20, 27). This lack of spatial variability 
in mineralogical assemblages is anticipated, given that these are distal 
tephra-fall beds deposited more than 100 km from their source vents 
(32). The tephra deposits under consideration here commonly comprise 
horizontally bedded layers with distinct boundaries with under- and 
overlying organic lake sediments. The layers frequently exhibit an upper 
bed of silt-sized tephra, typically up to several millimeters thick. The up-
per silt bed is underlain by coarser tephra beds, the number and grain 
size of which vary between tephra layers. The upper silt bed has been 
classified as nonliquefiable, while the underlying beds, typically fine to 
medium sands, are liquefiable on the basis of their grain size distribution 
and cyclic triaxial testing (19, 20). Most of the tephra layers (including 
their internal beds) exhibit minimal variability in tephra thickness and 
grain size across the study area, with the exception of two layers, where 
higher variability in tephra thickness was observed (20). Correlations 
between tephra thickness and grain size demonstrate that tephra thick-
ness does not affect grain size properties. Consequently, tephra thickness 
does not influence whether or not liquefaction occurs (20).

We visualized a total of 346 tephra layers via CT imaging, 127 of 
which exhibited soft-sediment deformation structures with variable 
morphology and dimensions (Fig. 2 and data S1). The soft-sediment 
deformation structures are composed of tephra material that is 
emplaced downward beneath the tephra layer into the underlying 
organic lake sediment, forming load structures (33), and resem-
bling downward-directed injectites or dykes (11, 14, 20, 34–37). The 
longitudinal and cross-sectional CT slices and three-dimensional CT 
volumes provided a unique view of the load structures’ morphologies, 
ranging from predominantly straight, elongated features (Fig. 2, A 
and D) to complex networks of irregular structures (Fig. 2, B and C). 
Individual load structures frequently intersected with one another 
(Fig. 2, A to C) yet at times manifested as solitary features (Fig. 2D).

The load structures observed in the Hamilton lowlands have 
been interpreted as the result of seismically induced liquefaction in a 

sedimentary system of density instability (20). Liquefaction was typi-
cally initiated within the central part of the tephra layer (Fig. 2D), 
consisting of liquefiable fine to medium sand-sized pumiceous glass 
particles (18, 38). The liquefied material was emplaced downward 
mainly because of an inverse density gradient (33) between the tephra 
layers and the underlying low-density organic lake sediment under-
neath and partly because the nonliquefiable silty cap on the tephra 
layers prevented upward movement of liquefied tephra material (20). 
Liquefaction in reverse density gradient systems has been identified 
before as a mechanism that forms downward-directed, soft-sediment 
deformation structures (14, 39).

Seismic shaking is regarded as the most plausible triggering 
mechanism by far because of the lakes’ proximity to seismic sources. 
Other mechanisms that could potentially lead to liquefaction, such 
as pressure fluctuations due to water waves and turbulent flow 
(40, 41), tsunamis (42), rapid sediment loading (43), groundwater 
seepage (44), and periglacial processes (45), are not applicable to our 
study area. Hence, the load structures that occur in the tephra layers 
are referred to as tephra seismites (20). In environments subject to 
extensional tectonics, the process of passive sand infilling of fissures 
and cracks can result in the formation of downward-directed, soft-
sediment deformation structures (46). However, we consider it im-
probable that fissures and cracks could form in soft, organic lake 
sediment because of its ductile deformation behavior. The likelihood 
of dewatering and shrinkage of mud as a factor contributing to the 
formation of the load structures is negligible, given that the lakes in 
the Hamilton lowlands have never dried out naturally (47).

The load structures exhibited variable dimensions between 0.4 
and 35 cm. Some of the longer load structures intersected other un-
derlying tephra layers (Fig. 2, B and C), indicating a high amount of 
energy release during the deformation process. Liquefaction did not 
appear to be limited by the thickness of the tephra layers (as noted 
earlier). We observed load structures in tephra layers as thin as 0.2 cm 
(data S1). Liquefaction in tephra layers has been reported before 
(20, 23), but never has it been described in layers less than 1 cm thick.

We also observed other types of soft-sediment deformation struc-
tures, including collapsed tephra layers generated by the downward-
directed emplacement of tephra material (Tu tephra in Fig. 2B and Rr 
tephra in Fig. 2D). At two lakes (HL and MH; see Fig. 1A), we ob-
served several-decimeter-sized, upward-directed, plume-like, soft-
sediment deformation structures. These occurred where normal 
density gradients prevailed over the sedimentary sequence, specifi-
cally at the interface between Late Pleistocene prelake volcanogenic 
alluvial deposits (dated at greater than approximately 20 cal ka B.P.) 
and organic lake sediments (fig. S4). These structures resulted from 
the fluidization and upward injection of liquefied coarse sand-sized, 
prelake volcanogenic alluvium into the low-density organic lake 
sediments, forming clastic dykes (46). The formation of these soft-
sediment deformation structures has been widely observed during 
major earthquakes in New Zealand and elsewhere (8, 12). In subsequent 
quantitative analyses of the occurrence and dimensions of tephra 
seismites, we did not further consider the collapse structures and 
clastic dykes because of the small sample size.

Interpolation maps for spatially assessing the occurrence 
and dimensions of liquefaction
The occurrence, morphological complexity, and dimensions of seis-
mites have been shown to increase toward the seismic source (48, 49). 
Our spatial liquefaction assessment is based on the quantification of 
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Fig. 2. Tephra seismites in the form of load structures of varying shapes and dimensions found in extant lake sediments in northern New Zealand. (A) Two inter-
secting load structures up to 3 cm long (designated liquefaction structures L1 and L2) beneath 0.8-cm-thick Rerewhakaaitu (Rk) tephra at Lake Rotomanuka (RM). 
(B) Multiple, complex load structures beneath 0.9-cm-thick Mamaku (Ma) tephra at Lake Mangahia (MH). One of the liquefaction structures (L4) intersects a 0.2-cm-thick 
unnamed tephra at 124-cm depth below the lake bottom (blb) and can be traced for more than 20 cm vertically. (C) Three straight load structures up to 34 cm long (L5 to 
L7) beneath the 1.6-cm-thick Waiohau (Wh) tephra at Lake Rotokaraka (RK), all of which are intersecting the 0.7-cm-thick Oa-8 tephra. (D) Two straight solitary liquefaction 
structures up to 11 cm long (L8 and L9) beneath the 7-cm-thick Rotorua (Rr) tephra at Lake Pikopiko (PP). Here, CT slices and volume slices (visualization planes: i, iv to vi) 
were used to provide insight into the liquefaction process: Liquefaction was triggered within the central medium sand bed of the Rr tephra at about 320 cm blb. Liquefied 
tephra material penetrated through the basal silt bed into the underlying organic lake sediment because of an inverse density gradient (20).
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changes in the occurrence and dimensions of seismites within the 
Hamilton lowlands to locate areas with high liquefaction severity 
and, thus, high shaking intensity. The morphological complexity of 
tephra seismites was not taken into account in this study. We analyzed 
a total of 346 individual tephra layers via CT imaging, of which ap-
proximately one-third were classified as tephra seismite (see fig. S2 for 
details). The numbers of tephra layers and tephra seismites present at 
each lake are depicted in Fig. 3A. Tephra seismites were observed at 
all 18 lakes, with their quantity varying between lakes. This spatial 
variability is primarily attributed to two factors. The first is a varia-
tion in sample size between lakes, as the number of cores taken per 
lake ranged from 2 (e.g., lake PP) to 15 (at lake HL). Second, we ex-
pect the proximity to the seismic source to influence the observed 
quantity of tephra seismites (49). To remove the sample-size bias, 
leaving only an indication of proximity to seismic source, we nor-
malized the number of tephra seismites by the total number of tephra 
layers at a given lake, yielding the seismite occurrence, SO, ratio. 
The seismite occurrence ratio was interpolated between lakes and 
shows that liquefaction structures are most common along a northeast 
trending transect from lakes in the southwest (MH and KM) through 
central lakes (HL and FL), to lake RK in the northeast of the study 
area (Fig. 3A). The mean seismite occurrence ratio (±1 SD) of lakes 
within this transect is SO = 0.63 ± 0.13. However, the highest seismite 
occurrence ratio was identified at lake NI, located outside the tran-
sect, where more than 9 in 10 tephra layers (SO = 0.92) experienced 

liquefaction. Tephra seismites were much less prevalent at the re-
maining lakes (SO = 0.17 ± 0.07).

The spatial liquefaction assessment was complemented by an 
assessment of variability in the dimensions of tephra seismites. First, 
the absolute dimensions of load structures were considered by 
grouping them threefold into small (<10 mm), intermediate (10 to 
100 mm), and large (>100 mm) structures, the proportion of these size 
groups being demonstrated by the pie charts in Fig. 3B. In addition, 
the size of symbols in Fig. 3B denotes how many of the 14 prominent 
tephra layers liquefied, indicating the prevalence of liquefaction. The 
absolute dimensions of load structures are variable across the study 
area, and no clear trends could be observed for the three size groups. 
That is, some lakes with a low seismite occurrence ratio exhibited a 
high proportion of large load structures (e.g., at lake RI, having an 
SO ratio of 0.17, 50% of tephra seismites exhibited large load struc-
tures), whereas other lakes with high seismite occurrence ratios (e.g., 
lake HL) mainly exhibited intermediate load structures.

The absolute dimensions of seismites have limited meaning in 
paleoseismology because the dimensions of seismites depend on the 
volume of material available during the liquefaction process (20). 
Consequently, thicker tephra layers can generate longer deforma-
tion structures. The impact of tephra thickness on the dimensions 
of tephra seismites was eliminated through the integration of the 
length/thickness ratio, LT. The length/thickness ratio can be used 
to quantify the relative dimensions of individual seismites. For 
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Fig. 3. Interpolation maps of liquefaction observations across the study area. (A) The seismite occurence, SO, ratio map shows how the quantity of tephra seismites 
varies spatially. Divided circles indicate the number of liquefied tephra layers and the total number of tephra layers analyzed at each lake. (B) The average length/thickness 
(LTav) ratio map shows changes in the dimensions of tephra seismites. Colored pie charts show the proportion of tephra seismites grouped into vertical-length clusters of 
<1 cm, 1 to 10 cm, and >10 cm. The size of the pie charts symbolizes the number (how many) of the 14 prominent tephra layers from which the LTav ratio was calculated. 
(C) The liquefaction severity factor, LSF, reflects the combined trends of the occurrence and dimensions of tephra seismites. Liquefaction severity is plotted together with 
the Kūkūtāruhe (KTR) and Te Tātua ō Wairere (TTW) faults in the Hamilton Basin.
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example, tephra seismites illustrated in Fig. 2 exhibit length/thick-
ness ratios ranging from 1.6 [liquefaction structure 8 (L8)] to 22.5 
(L5). In the spatial liquefaction assessment, we averaged the length/
thickness ratios for each lake (i.e., LTav ratio) and interpolated those 
values across the Hamilton lowlands (Fig. 3B). The relative dimen-
sions of tephra seismites increased toward the northeast, southwest, 
and southeast of the Hamilton lowlands. The average length/thickness 
ratio (±1 SD) of lakes within these areas is LTav = 8.4 ± 3.0, much 
higher than those of the remaining lakes (LTav = 2.0 ± 0.9).

The liquefaction severity factor, LSF, for each lake was calculated 
by averaging its seismite occurrence and average length/thickness 
ratios, and reflects the combined trends pertaining to both parameters 
(Fig. 3C). Analysis of the LSF interpolation map indicates three zones 
of severe liquefaction, characterized by frequent occurrence of large 
tephra seismites. These zones are believed to be associated with 
paleoearthquakes from three fault ruptures as follows. (i) An in-
crease in liquefaction severity toward the northeast may be linked 
to near-field ground surface fault systems to the north and northeast 
(Fig.  1B). (ii) The high liquefaction severity along a northeast 
trending transect situated within the central region of the study area 
exhibits a strong correlation with the western Hamilton Basin fault 
named Kūkūtāruhe (KTR). Notably, higher levels of liquefaction 
severity were identified at the southern part of this fault. (iii) Liq-
uefaction severity increases toward the southeast, which could in-
dicate either a hidden, unmapped fault in this region or that the 
eastern Hamilton Basin fault, Te Tātua ō Wairere (TTW), extends 
further south and was active after the deposition of the tephra layers 
studied here.

Linking liquefaction to fault rupture through 
ground-shaking modeling
The final step in our paleoseismic analysis included determining 
the recurrence of paleoliquefaction (as a proxy for the recurrence of 
strong shaking in the area), comparing the timings of liquefaction 
with those of known fault ruptures, and inferring the recurrence 
intervals of paleoearthquakes on hidden or poorly known faults that 
have caused liquefaction in the study area.
Identifying seismic events SE1 to SE4
Our spatial analysis, using liquefaction parameters (SO ratio, LTav ratio, 
and LSF) averaged over the entire stratigraphic sequence (Fig. 3), en-
abled the identification of three geographic zones of severe liquefac-
tion. However, the analysis did not yield insights into the timing and 
recurrence interval of paleoearthquakes. The timing of paleoearth-
quakes that caused liquefaction in the study area is challenging to 
predict because the tephra layers are essentially unlithified, with no 
substantial diagenetic imprint to prevent (re)liquefaction from sub-
sequent shaking (20). Consequently, liquefaction within our tephra 
layers could be the result of one or more seismic events that occurred 
after their deposition. However, subsequent seismic events have been 
hypothesized to increase the prevalence of tephra seismites (15), 
thereby increasing the likelihood of capturing deformation in sedi-
ment core. Therefore, we hypothesize that the seismite occurrence 
ratio will increase with age due to subsequent liquefaction events.

The temporal liquefaction assessment included an examination 
of how the occurrence of seismites of the 14 prominent tephra layers 
changed within the stratigraphic sequence (Fig. 4A). Each tephra 
was identified multiple times across the study area, with a typical 
frequency ranging from 15 to 40 instances. However, the thin Rm 
tephra was only identified on a limited number of occasions. The 

ages of the tephra layers exhibit a relatively even distribution within 
the stratigraphic sequence. The mean interval between tephra ages is 
1.2 ± 0.8 cal ka. Average seismite occurrence ratios were obtained 
for the prominent tephra layers (except for Rm tephra), with these 
values being averaged over the study area (Fig. 4B). The occurrence 
of tephra seismites increased stepwise between Rr (15.7 cal ka B.P.) 
and Oa-8 (15.0 cal ka B.P.) tephras. The two oldest tephras (Rk and 
Rr) exhibited significantly higher levels of liquefaction compared 
with those of the younger tephras (Oa-8 to Tp). Although the two 
oldest tephras liquefied in ~66% of tephra layers (SO = 0.66 ± 0.02), 
tephra seismites were identified only half as often in the younger 
tephras (SO = 0.30 ± 0.11). The stepwise increase in the seismite 
occurrence indicates two seismic periods, referred to as SP1 and 
SP2. We infer from this analysis that the seismic period SP1 occurred 
between the deposition of Rr and Oa-8 tephras and that this period 
caused liquefaction in the two oldest tephras. The seismic period 
SP2 occurred subsequent to the deposition of Oa-8 tephra and re-
sulted in seismites being generated in all tephra layers, including 
additional (re)liquefaction in the two oldest tephras. The additional 
liquefaction of the two oldest tephra layers (Rk and Rr) during seismic 
period SP2 explains why these have significantly higher seismite 
occurrences when compared with the occurrence associated with the 
younger tephra layers. The seismite occurrence ratio of the two oldest 
tephra layers is approximately twice as high as that obtained for the 
younger tephra layers. Consequently, we conclude that the two seismic 
periods induced comparable amounts of seismic energy in the study 
area, resulting in a similar number of new liquefaction structures 
within the sequence of tephra layers.

Two sets of interpolation maps were generated, one for each of 
the two seismic periods, to further investigate the location and tim-
ing of paleoliquefaction (Fig. 4, E and F). The two seismic periods 
are composed of four main seismic events, termed SE1 to SE4, each 
of which caused a geographically constrained zone of severe lique-
faction. The extent of these zones is indicated by black dashed lines 
in Fig. 4 (E and F). The timing of seismic periods and seismic events 
is illustrated in Fig. 4D and summarized in table S3. The seismic 
period SP1 comprises a single seismic event SE1, which induced 
widespread liquefaction in the two oldest tephra layers (Rk and Rr) 
across the central and northeastern regions of the study area. The 
severity of liquefaction increases toward the northeast (Fig. 4E). No 
increase in liquefaction severity was observed along the Hamilton 
Basin faults, indicating that these were inactive during this seismic 
period. The relative dimensions of tephra seismites resulting from 
seismic event SE1 were found to be moderate, with length/thickness 
ratios typically ranging from 1 to 8 (Fig. 4C). Seismic event SE1 is 
well constrained in time by the notable stepwise increase in the seismite 
occurrence ratio between 15.7 and 15.0 cal ka B.P. (Fig. 4, B and D). 
The age of seismic event SE1 correlates with ruptures of the Kerepehi 
fault in the Hauraki Basin (see orange bar in Fig. 4D) (29).

The seismic period SP2 is composed of three seismic events (SE2 
to SE4), as determined by the liquefaction severity distribution (Fig. 4F). 
The liquefaction caused by seismic events SE2 to SE4 is geographically 
more constrained than that due to seismic event SE1. The severity of 
liquefaction linked to seismic event SE2 increases toward the northeast, 
yet the extent of substantial liquefaction is less pronounced in com-
parison with that observed for the seismic event SE1 of the seismic 
period SP1. The SE2 event is only detectable in a single lake located 
at the northeast corner of the study area (RK; see inset map next 
to Fig. 4C). Tephras affected by the seismic event SE2 include the 
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Fig. 4. Estimation of the locations, minimum Mw, and recurrence intervals of shaking from liquefaction maps. (A) Total number of tephra layers (yellow) and tephra 
seismites (red) for each of the 14 prominent tephra layers. (B) Seismic occurence ratio displayed against the age of tephra layers. A stepwise increase in seismite occurrence 
between Rr and Oa-8 tephras separates the two seismic periods (SP1 and SP2). (C) Length/thickness, LT, ratios of individual tephra seismites. Lakes highlighted in green 
and teal colors are located in one of the zones defined by seismic events SE2 to SE4 [inset LSF map to the left of (C)]. The highlighted lakes are underlain by all other lakes 
not located within one of the seismic zones (gray symbols). (D) Timing and minimum Mw of seismic events SE1 to SE4 obtained by estimating the distance between fault 
rupture and the most distal liquefaction observation in our study area [black dashed lines in (E) and (F)] following Maurer et al. (51). (E and F) Interpolation maps of the SO 
ratio, LTav ratio, and LSF for each of the two seismic periods. (G) Model error maps of the rupture scenarios 1 to 5. The model error maps of rupture scenarios 1 and 2 were 
obtained from seismic period SP1, and model error maps of rupture scenarios 3 to 5 were obtained from seismic period SP2 (see fig. S5 and table S4 for further informa-
tion). (H to L) PGA maps obtained from modeling of (H) the TPN-KRP fault rupture (Mw = 7.5) in the Hauraki Plains; (I) the AKA-PKO-MGT fault rupture (Mw = 7.3); (J) the 
KTR fault rupture (Mw = 7.15) and (K) the KTR-TTW fault rupture (Mw = 7.2), which are both in the Hamilton lowlands; and (L) the HM rupture (Mw = 9.1). Full lake and 
tephra names are provided in tables S1 and S2.
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oldest tephra layer (Wh tephra, 14.0 cal ka B.P.) and the youngest 
tephra layers deposited during seismic period SP2 (Unit Q–Tp, 4.3 to 
1.7 cal ka B.P.). These layers demonstrate moderate to high length/
thickness ratios between 2.6 and 18 (Fig. 4C). Intermediate-aged 
tephras (Mm-Ma) remained unaffected, suggesting a hiatus in seismic 
activity. Consequently, we grouped the seismic event SE2 into two 
subevents SE2a and SE2b (Fig. 4D). The temporal constraints of both 
subevents are well defined. Specifically, SE2a occurs between the depo-
sition of Wh and Mm tephras (14.0 to 11.3 cal ka B.P.) and SE2b after 
the deposition of Tp tephra (1.7 cal ka B.P.). The timing of seismic event 
SE2b corresponds to the activity of the Kerepehi fault (Fig. 4D) (29).

The seismic event SE3 is characterized by increased liquefaction 
severity along the western segment of the Hamilton Basin fault system, 
Kūkūtāruhe (KTR). Lakes affected by this seismic event include MH 
and KM, among others. In this region, tephra seismites were identified 
in Mm-Tn tephras (11.3 to 7.0 cal ka B.P.) and exhibited moderate 
to large dimensions (LT ratios of 7 ≤ LT ≤ 23) (Fig. 4C). Subsequent 
tephras (Unit Q–Tp) remained unaffected by this event. Conse-
quently, the occurrence of seismic event SE3 is well constrained 
and is likely to have occurred after Tn but before Unit Q tephras 
(7.0 to 4.3 cal ka B.P.) (Fig. 4D). The seismic event SE4 formed tephra 
seismites in the southeast corner of the study area. It is worth noting 
that at lake NI, almost all tephra layers of the seismic period SP2 
liquefied, resulting in moderate to very large seismites (LT ratios of 
2 ≤ LT ≤ 42) (Fig. 4C). The seismic event SE4 occurred subsequent 
to the deposition of the youngest tephra layer in the lakes, Tp (1.7 cal 
ka B.P.) (Fig. 4D).
Identifying the faults that caused seismic events SE1 to SE4
The North Island of New Zealand is host to a considerable number 
of active faults, which have the potential to induce seismic shaking 
and, thus, liquefaction in the Hamilton lowlands (30). Here, we focused 
on the five most relevant rupture scenarios, which were selected on 
the basis of their activity, moment magnitude, and epicentral dis-
tance to the study area. The objective of this approach was to explain 
the liquefaction severity patterns caused by the seismic events SE1 
to SE4 (table S4).

Seismic events SE1 and SE2 are accompanied by an increase in 
liquefaction severity toward the northeast. Two potential near-field 
(<100-km epicentral distance) rupture scenarios were identified, 
and the feasibility of associating them with the seismic events SE1 
and SE2 was examined. The ground-shaking modeling of rupture 
scenario 1 incorporated the concurrent rupture of the Te Puninga 
(TPN) and Kerepehi (KRP) faults (Mw = 7.5), situated in the Hauraki 
Basin between 20 and 60 km to the northeast of the Hamilton lowlands 
(Fig. 4H). Scenario 1 resulted in substantial peak ground accelera-
tions in the study area (PGAmax = 0.53g; table S5), which increased 
toward the northeast, replicating the liquefaction severity patterns 
of seismic events SE1 and SE2. Rupture scenario 2 incorporated 
the combined rupture of the Aka Aka (AKA), Pōkeno (PKO), and 
Mangatangi (MGT) faults, as well as the northern segment of 
Kerepehi (Mw = 7.3), situated between 60 and 90 km to the north 
of the study area (Fig. 4I). This scenario resulted in a substantially 
smaller peak ground acceleration compared with that of the first rup-
ture scenario (PGAmax = 0.38g; table S5). The similarity between the 
liquefaction severity map and the peak ground acceleration obtained 
from the rupture scenarios was quantified by model error maps 
(Fig. 4G). The areas exhibiting the greatest similarity between ob-
served liquefaction severity and modeled peak ground acceleration 
are indicated in white, whereas blue and red areas indicate a mismatch. 

A global error, defined as the sum of squared differences of the model 
error, was used to quantify the match between observed liquefaction 
severity and modeled peak ground acceleration. The model error ob-
tained for rupture scenario 1 demonstrated a better match (i.e., a re-
duced proportion of blue and red areas) with the liquefaction severity 
of seismic events SE1 and SE2 compared with rupture scenario 2 
(Fig. 4G). This improved match is supported by the observation that 
rupture scenario 2 exhibited a 32% higher global error (table S4). We 
conclude that seismic events SE1 and SE2 originated from a rupture 
of the Kerepehi–Te Puninga fault system.

Seismic event SE3 caused liquefaction of high severity along the 
western Hamilton Basin fault, Kūkūtāruhe (KRT). We considered two 
different rupture scenarios to test the high liquefaction severity along 
this fault. Rupture scenario 3, including only the Kūkūtāruhe fault 
(Mw = 7.15), caused widespread shaking in the central and western 
regions of the study area (Fig. 4J). In rupture scenario 4, both Hamilton 
Basin faults, Kūkūtāruhe and Te Tātua ō Wairere (TTW), were in-
cluded (Mw = 7.2), thereby extending the seismic shaking further to 
the east (Fig. 4K). The shaking pattern of scenario 3 exhibits a stronger 
resemblance to the liquefaction severity map of seismic event SE3 
than scenario 4, which has a 46% higher global error (table S4). 
We conclude that seismic event SE3 originated from a rupture of 
Kūkūtāruhe, partly located beneath what is now the urbanized area 
of Hamilton City.

Seismic event SE4 is characterized by high liquefaction severity 
in the southeast corner of the study area. There are no other active 
faults for more than 100 km to the southeast of Te Tātua ō Wairere. 
The nearest active fault with the potential to cause substantial seismic 
shaking in the study area is the Hikurangi Margin, located ~250 km 
to the southeast (50) (Fig. 1C). Ground-shaking modeling of the 
Hikurangi Margin (rupture scenario 5) yielded a high-magnitude 
earthquake (Mw = 9.1) that resulted in only negligible peak ground 
acceleration in the study area (PGAmax = 0.19g) (Fig. 4L and table S5). 
The model error map of rupture scenario 5 (Fig. 4G) displays a 
variable pattern with notable global error (table S4). The liquefac-
tion severity of seismic event SE4 is very localized but at the same 
time shows high prevalence, that is, tephra seismites were observed 
in nearly all tephra layers (Fig. 4C). The localization and prevalence 
of liquefaction are indicative of a local seismic source. We conclude 
that the seismic event SE4 was caused by a near-field rupture of an 
unmapped, southern segment of the Te Tātua ō Wairere fault or a 
hidden (unknown) fault to the southeast of the study area.
Magnitudes of seismic events SE1 to SE4
We determined the minimum moment magnitudes of seismic events 
SE1 to SE4 by estimating the distance between fault rupture and the 
most distal liquefaction observation in our study area (black dashed lines 
in Fig. 4, E and F). Using the empirical relationship of Maurer et al. 
(51), we estimated minimum moment magnitudes of SE1 to SE4 strong 
enough to cause liquefaction in the tephra layers (Fig. 4D), rang-
ing from ~7.4 (SE1) to ~5.2 (SE4). Minimum moment magnitudes 
estimated herein are comparable to moment magnitudes used in 
our ground-shaking modeling and to those obtained from the 
mapping of the active faults in the nearby Hauraki Plains (28, 29). 
We acknowledge, however, that there is considerable uncertainty 
in applying the Maurer et al. (51) relationship, based on empirical 
information from liquefaction observations, to our tephra seismites, 
particularly with respect to liquefaction of relatively thin tephra 
layers encapsulated in the soft organic lake sediments in the Hamilton 
lowland lakes.
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Applicability and limitations of tephra seismites in the area 
of paleoseismology
The novelty of our research is the development of a generic tool for 
investigating locations, recurrence intervals, and magnitudes of hid-
den faults or faults with poor surface expression. Our method com-
bines the following: laboratory-based imaging of soft sediments in 
an environment with layers with high-density contrast; a solid spatial 
observation site distribution around the faults with no surface expres-
sion; and a previously unexplored liquefaction severity mapping 
approach that can be checked against ground-shaking maps from 
rupture of candidate sources.

In our study, we applied this method to thin distal lacustrine tephra 
layers younger than 20 cal ka B.P. in age preserved in organic lake sedi-
ment within extant lakes. This sedimentary environment brings many 
advantages for paleoseismology. For example, tephrochronology (and 
potentially radiocarbon dating) can be used to obtain precise age con-
straints and fine-grained, organic-bearing lake sediment provides fa-
vorable conditions for pore pressure buildup in thin siliciclastic layers. 
Following our approach, we were able to reconstruct the location 
and timing of at least five paleoearthquakes (SE1, SE2a, SE2b, SE3, 
and SE4) since 15.7 cal ka B.P., yielding a mean recurrence interval 
of ~3 ka. Furthermore, our method enabled the identification of an 
unmapped, hidden fault that has caused liquefaction in the southeast 
part of our study area since 1.7 cal ka B.P. We show strong evidence that 
the western Hamilton Basin fault, Kūkūtāruhe, being located directly 
underneath Hamilton City, was active within the ~15,700-year-long 
period covered in our study.

Our method is directly applicable in other volcanically active areas 
where tephra layers are embedded in lake sediments, such as Lake 
Riñihue, Chile (25) and Lake Torfdalsvatn, north Iceland (23). Our 
methodology is potentially applicable in many other volcanic/tectonic 
regions such as Mediterranean countries including Italy, as well as 
Japan, northwestern North America (Pacific Northwest, Alaska), various 
countries including Chile in South America, the East African Rift, 
and in central-eastern Europe, where faults occur amidst lakes con-
taining liquefiable (medial to distal) tephra deposits.

The general method presented in our study is applicable to most 
sedimentary environments that allow for a high density contrast 
between layers. A high-density contrast is necessary to record lique-
faction structures via CT imaging. Relevant environments include 
(i) lakes that contain event horizons, such as turbidites, mass transport 
deposits, sand laminations; (ii) lagoons and estuaries where storms 
and tsunamis have deposited thin granular layers into fine-grained 
sediment; and (iii) organic sag ponds next to faults (or caused by fault-
ing) in areas distal to landslides or fault scarp–derived sediments. In 
those environments, our method would need to be modified to ac-
commodate the different sediment sequences and sediment materials, 
among other factors. For example, if tephra layers or other chronostrati-
graphic marker horizons are not present, then cross-cutting relationships 
between liquefaction structures might provide age constraints. One 
study area where our approach could be readily adopted is the Green 
River Formation, Wyoming (14), where earthquake-induced, in situ 
liquefaction of different sizes was reported in laminated sandstone.

Our study in the Hamilton lowlands is limited, however, by avail-
able geological data comprising information from 18 locations (i.e., 
lakes) and from 14 isochronous time slices (i.e., tephra layers). The 
spatial and temporal dataset of liquefaction information is some-
what irregularly spaced, hence likely influencing the seismic hazard 
assessment. For example, lakes in the northern part of the study area 

(PP, AR, KN, KT, and WT) are more closely spaced than lakes in the 
central study area (RI, HS, FL, HL, KM, and CA). This phenomenon 
can potentially introduce bias in the spatial liquefaction interpola-
tion maps, in turn influencing the identification of seismic sources. 
The quality of our temporal seismic assessment is governed by 
the distribution of tephra layers within the sediment record. In the 
event that tephra layers are absent from the sediment record or are 
spaced unevenly in time, the timing of seismic events will be less 
well constrained.

MATERIALS AND METHODS
Coring strategy
We cored 18 lakes from three different parts in the Hamilton lowlands: 
six in the north (PP, Pikopiko; AR, Areare; KN, Kainui; KT, Kaituna; WT, 
Whakatangi; RK, Rotokaraka); six in the center (RI, Rotokauri; 
HS, Horseshoe Lake/Waiwhakareke; FL, Forest Lake/Rotokaeo; 
HL, Hamilton Lake/Rotoroa; KM, Koromatua; CA, Cameron Lake/
Kareaotahi); and six in the south (MH, Mangahia; MK, Mangakaware; 
NG, Ngaroto; NI, Ngarotoiti; RT, Ruatuna; RM, Rotomanuka) (Fig. 1A; 
see table S1 for further information on individual cores and sampling 
permits). Although there are 35 old (approximately 20 cal ka B.P.) 
blocked-valley riverine or riverine-phytogenic lakes in the Hamilton 
lowlands (47), the total number of lakes considered in this study was 
limited to 18 because of accessibility constraints (i.e., no permission 
to access the lake or dense vegetation or other problems preventing 
access to the lake shore). The average distance between neighboring 
lakes is 3.2 ± 2.5 km, with the smallest distance being between lakes 
PP and AR (i.e., 1.1 km) and the largest distance being between 
lakes RK and WT (i.e., 10.9 km). The 18 lakes encompass ~367 km2 
of the Hamilton lowlands (see dashed polygon in Fig. 1A), resulting 
in a lake frequency of ~1/20 km2. The total number of lakes, average 
distance between lakes, and lake frequency considered in this study 
are unique when comparing the Hamilton lowlands with other study 
areas worldwide, where seismites have been used in paleoseismic 
investigations (21, 52, 53).

For each lake, one or more cores ~1.5 to 2 m in length were col-
lected in 2016, 2020, and 2022 from partially overlapping sediment 
depths using a modified Livingstone piston corer with a 65- or 80-mm 
internal-diameter polyvinyl chloride core barrel (table S1). In most 
cases, cores were collected from the deepest basin(s) of the lakes, 
where the thickest and least disturbed sediments typically occur, 
and where the tephra-fall beds are essentially horizontal (54) and 
unaffected by other aseismic triggering mechanisms specific to other 
depositional environments, such as storm waves (49). In Lake Rotoroa/
Hamilton Lake, seven coring sites were selected throughout the lake, 
including in shallow areas, whereas in most other lakes only one or 
two coring sites were selected. Where more than one core was required 
to capture the full sediment thickness in the lake, overlapping cores 
were taken and then accurately correlated using the stratigraphic super-
positioning and distinctive physical properties of the glass-rich 
tephra layers present in the lake sediments, which typically vary in 
color and thickness (27, 55, 56), to produce a composite core ~3 to 
5 m in length for each lake. An example of composite core construc-
tion using tephrostratigraphy can be found in the Supplementary 
Information of Kluger et al. (20).

In most lakes, duplicate cores were also collected from different 
locations within the lake basin. Because of the duplication and over-
lap of cores, most of the tephra layers could be investigated more 
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than once in each lake, increasing the confidence in the characteriza-
tion of tephra layers and soft-sediment deformation structures. The 
tephra layers and stratigraphy of 10 lakes (Pikopiko, Areare, Kaituna, 
Whakatangi, Koromatua, Cameron Lake/Kareaotahi, Mangahia, 
Ruatuna, Rotomanuka, and Ngarotoiti) have not previously been 
described. The remaining eight lakes had been studied previously 
(20, 27, 54–56).

Visualization of tephra seismites by CT imaging
CT imaging of sedimentary structures in cores is a well-established 
technique in the natural sciences (21, 57–60). It has been used previ-
ously to visualize soft-sediment deformation structures (20, 21, 58) 
but not to the extent reported herein. The CT scanner measures the 
attenuation of x-rays as they pass through different media. The amount 
of attenuation is mainly controlled by the density of the different 
media, making this technique very effective for studying three-
dimensional features in organic-rich sediment cores.

CT imaging was performed using a medical CT scanner on 60 
whole-round cores before opening (i.e., all lake cores except HL-A2 
and HL-A3 from Rotoroa/Hamilton Lake, which were not available 
for CT imaging) to visualize and unambiguously quantify tephra layers 
and soft-sediment deformation structures. The whole-round core 
was positioned in the center of the CT table and preliminary scan 
results of the tephra layers and tephra seismites could be observed in 
the CT control room (fig. S1, A and B).

A CT stack (sequence of cross-sectional CT images) was generated 
for each core, with each CT image comprising voxels with dimensions 
of 0.625-mm depth and 0.684-mm width and height. The voxel values 
represent the radiodensity in Hounsfield units, HU (61). An HU value 
of −1000 represents the radiodensity of air, and an HU value of 0 rep-
resents the radiodensity of distilled water at standard temperature and 
pressure. CT image processing was performed using the public domain 
image processing software package ImageJ and its portable distribution 
Fiji (version 1.53t) and included the following steps (62):

1) Reduction of CT data: The raw CT stack initially consists of 
the core barrel (filled with sediment, water, and tephra) located lon-
gitudinally in the center of the CT table, both surrounded by air. To 
reduce computation time, the CT stack was roughly cropped to the 
data representing a cuboid around the core barrel using Fiji’s rectan-
gular selection tool.

2) Combination of CT stacks: Most of the sediment cores were 
short enough to be acquired in a single CT scan, but some of the 
longer cores extended beyond the measurement area of the medical 
CT scanner. For these cores, distinct layers were identified in the 
overview core scan, and CT imaging was then performed once from 
each core end, allowing the distinct layers to be recorded in both 
scans but in different directions. The reverse-direction CT scan was 
rotated 180° (using Fiji’s rotation tool) and then combined with the 
first CT scan using the distinct layers as a reference.

3) Core rotation and realignment: Cores were sometimes not 
perfectly aligned longitudinally on the CT table. In addition, longer 
cores could not be placed flat on the CT table (because of a shelf 
space at the base of the CT table) and instead were slightly tilted 
upward at one end of the CT table, causing the core to be slightly 
rotated or bent upward, or both. The CT stacks were reoriented us-
ing Fiji’s rotation tool. The curvature of the cores was removed using 
the open-source Fiji stack alignment plugin (63).

4) Removal of voxels outside the sediment core: After the core was 
properly rotated and aligned, the data representing the core barrel, 

CT table, and air were removed using Fiji’s circular selection tool. 
The remaining CT stack represented only the inside of the core barrel 
(i.e., sediment, water, and tephra) in a cylindrical shape.

5) Contrast and brightness enhancement was applied to highlight 
the different sedimentary units in the core, mainly the organic lake 
sediment, tephra layers and soft-sediment deformation structures. The 
raw CT images that make up a CT stack use a standard linear transfer 
function between radiodensity and a grayscale value. Typically, black 
represents the lowest HU value (air), and white represents the highest 
HU value in the core. The sedimentary units in the core have relatively 
similar densities compared to that of the surrounding air, so the core 
appears white in the raw CT images (i.e., very little change in pixel val-
ues within the core) (first panel of fig. S1C). The contrast of CT images 
was enhanced using Fiji’s enhance contrast tool. Voxel values were nor-
malized to the highest value of the entire CT stack, with 0.35% of all 
voxels saturated (i.e., assigned a maximum value) (second panel of fig. 
S1C). A custom transfer function (mpl-viridis) was applied to the CT 
images to better highlight small density changes within tephra layers 
(third panel of fig. S1C). The custom transfer function assigns dark 
blue/purple to HUmin, green to 0.5HUmax, and light yellow to HUmax.

6) Substacking: Stratigraphic units (i.e., tephra layers of known 
origin and age, organic lake sediment, and prelake alluvial sedi-
ment) were identified for each sediment core using information 
from the core description. Once the stratigraphic framework was 
established, substacks were created for the relevant tephra layers 
(Rk, Rr, Oa-8, Wh, Mm, Op, Rm, Ma, Tu, Tn, UnitQ, Wo, Mp, and 
Tp). In total, 346 tephra layers were visualized (fig. S2).

7) Visualization of CT substacks: Each substack, representing 
one or more tephra layers, was visualized in three ways (fig. S1D): (i) 
Longitudinal CT slices were generated through the center of the core. 
Typically, three longitudinal CT slices were generated at angles of 0°, 
120°, and 240° (where 0° was defined as parallel to the cut core sur-
face) to facilitate a systematic analysis of the vertical and horizontal 
extent of tephra layers and tephra seismites. Longitudinal CT slices 
were best suited to analyze the thickness of tephra layers as well as 
the maximum vertical length of soft-sediment deformation structures. 
(ii) A series of cross-sectional CT slices were generated for each CT 
stack containing tephra seismites to better visualize the changes in 
thickness and morphology of individual soft-sediment deformation 
structures with depth. Cross-sectional CT slices were used to assess 
the thickness and interconnectivity of individual soft-sediment defor-
mation structures. (iii) Three-dimensional CT volumes were generated 
from each CT stack using Fiji’s volume viewer plugin. The organic lake 
sediments above and below the tephra layers were digitally removed 
by applying an α-function based on x-ray attenuation, which was 
markedly different between the two constituents (i.e., organic lake 
sediments versus tephra) and allowed images to be exported showing 
only the tephra deposit. Standardized images were generated for each 
CT volume, including three images orthogonal to the core taken at 
angles of 0°, 120°, and 240° and two oblique images (one from above 
and one from below). CT volume images, in which the low-density 
organic lake sediment had been filtered out, provided the best tool for 
studying the three-dimensional morphology of the tephra seismite 
and tracking individual soft-sediment deformation structures. A com-
pilation of all CT substack visualizations is provided in data S1.

Statistical analysis of tephra seismites
Statistical analysis was undertaken to quantify the extent of lique-
faction throughout the study area. The severity of liquefaction is 
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considered to be related to the frequency and dimension of tephra 
seismites (49).

The frequency of tephra seismites at each lake was quantified by 
the seismite-occurrence ratio. Consequently, each individual tephra 
layer was classified into one of three types: (i) “seismites” (i.e., some 
type of soft-sediment deformation structure was identified, indica-
tive of seismically induced liquefaction); (ii) “intact” (i.e., no post-
depositional deformation of the tephra layer was identified); or (iii) 
“discontinuous” (i.e., the tephra layer exhibited some type of disruption 
that could not be definitively associated with any type of soft-sediment 
deformation structure), based on detailed sediment description of 
the opened cores and extensive examination of CT substacks (data 
S1). Discontinuous tephra layers were not considered further because 
of uncertainty about whether the disruption was caused by earthquake-
induced liquefaction or other processes (e.g., coring, core splitting). 
Figure S2A provides a full account of the classification of tephra layers 
(i.e., seismites, intact, or discontinuous) considered in each sediment 
core and at each lake.

Then, the seismite-occurrence ratio SO was calculated (Eq. 1)

where NSeismite and NTotal are the number of tephra seismites and total 
tephra layers (i.e., the sum of intact tephra layers and tephra seismites), 
respectively. For example, consider a lake X where four overlapping 
cores were obtained (fig. S3A). The four cores contain a number of 
tephra layers (seven in this example) that could be correlated between 
cores using tephrostratigraphy. The tephra classification for this lake 
provides a distribution plot showing the number of intact tephra 
layers and tephra seismites for each of the seven tephra layers. For 
example, tephra layer number 4 occurs in three cores. It contains 
soft-sediment deformation structures in two of these instances and 
is intact in the other. The SO ratio of this particular example indi-
cates that 38% of the tephra layers found at this lake were liquefied.

The dimensions of tephra seismites were analyzed by calculating 
the length/thickness ratio, LT, considering the maximum vertical 
length of the soft-sediment deformation structures normalized to 
the thickness of the tephra layer (fig. S3B). The maximum vertical 
length of the soft-sediment deformation structures was measured 
from the base of the tephra layer rather than from the central tephra 
bed in which liquefaction was initiated. This was because internal 
bedding could not be visualized for every tephra layer, particularly 
when tephra layers were thinner than the voxel resolution. For each 
tephra layer, the three longitudinal CT slices were used to obtain the 
maximum vertical length of the soft-sediment deformation struc-
ture, L, and the thickness of the tephra layers, T. Both parameters 
are the average of three values (one for each of the longitudinal CT 
slices). The LT ratio was then obtained (Eq. 2)

In addition, average length/thickness ratios LTav were obtained  
(Eq. 3)

where Lav and Tav are the maximum vertical length of the soft-
sediment deformation structures and tephra layer thickness, re-
spectively, averaged over the entire lake. Figure S2B provides a full 
account of the LT ratio of tephra layers considered in each sediment 
core and in each lake.

The liquefaction severity factor LSF was introduced to examine 
the combined trends and patterns of SO and LTav ratios within the 
study area and within the stratigraphic sequence (Eq. 4)

The LSF is calculated by averaging the SO and LTav ratios, the latter 
being normalized to the minimum and maximum values found across 
the study area. Normalization is necessary because SO and LT ratios 
have different dimensions. SO and LT ratios and LSF can also be 
calculated for subsets of tephra layers. For example, an LSFSP1 quantifies 
the liquefaction severity at a particular lake for the tephra layers 
deposited during the seismic period SP1.

The three liquefaction parameters, SO and LT ratios and LSF, 
were interpolated over the study area using a geographic informa-
tion system (G.S. Surfer v. 19.2.213). The Kriging gridding algorithm 
was used as the interpolation method. Kriging is commonly used to 
interpolate between irregularly spaced data (64). The lakes in our 
study are somewhat irregularly spaced and therefore we used the 
default settings, which produce an accurate grid of the data. No an-
isotropy was applied to the gridding.

Ground motion modeling from fault rupture scenarios
Fault rupture geometries and characteristic magnitudes from 
New Zealand’s Seismic Hazard Model (NZSHM22) (65) and the 
New Zealand Community Fault Model (30) were used to model 
ground motions for several fault rupture scenarios in the area of 
study. Peak ground acceleration, PGA, maps were calculated using 
OpenQuake (66) and the suite of ground motion prediction equa-
tions (GMPEs) recommended in NZSHM22 (67) for active crustal 
events. Site effects due to ground conditions were included using the 
time-averaged shear wave velocity model for the first 30 m of soil 
(Vs30) from Foster et al. (68). Our ground motion estimations incor-
porate the notably low shear wave velocities typical of these deposits, 
with Vs30 values on the order of ~160 m/s. This value is consistent 
with the National Earthquake Hazards Reduction Program’s Site 
Class E or F conditions and reflects amplification due to the pres-
ence of saturated, highly compressible nature of lacustrine organic-
rich sediments. We acknowledge that empirical GMPEs based solely 
on Vs30 may underestimate PGA amplification in such soil condi-
tions. Observational studies from events such as the 2011 Tohoku 
earthquake (69, 70) have shown that in thick, saturated organic de-
posits, actual peak ground accelerations can exceed empirically pre-
dicted values by a factor of approximately 1.5 or more. However, we 
also recognize that there are documented cases where amplification 
in similar soft organic sediments has not been as pronounced as ex-
pected. For example, Bonilla et al. (71) reported modest amplifica-
tion levels in peat-rich areas in the San Fernando Valley, despite low 
Vs30 values, attributed to strong nonlinear damping and limited energy 
trapping. In addition, other studies suggest that sediment thicknesses 
below ~10 m, particularly when composed of soft organic soils, may be 
insufficient to develop strong resonant amplification (72, 73).

The North Island of New Zealand hosts a large number of active 
faults that potentially could have caused seismic shaking in the 
Hamilton lowlands (30). An initial review of all potential faults pro-
duced five main fault rupture combinations by means of activity, 
moment magnitude, and epicentral distance to the study area. For 
this study, we considered the following fault rupture combinations: 
(i) Te Puninga and Kerepehi faults (Mw = 7.5); (ii) Aka Aka, Pōkeno, 

SO = NSeismite ∕NTotal (1)

LT = L∕T (2)

LTav = Lav ∕Tav (3)

LSF=0. 5SO+0.5
(

LTav−LTav,min

)

∕
(

LTav,max−LTav,min

)

(4)
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Mangatangi, and the northern segment of Kerepehi (Mw = 7.3); (iii) 
Kūkūtāruhe (Mw = 7.15); (iv) Kūkūtāruhe and Te Tātua ō Wairere 
(Mw = 7.2); and (v) a Mw-9.1-Hikurangi Margin earthquake. Rup-
ture geometries were converted to a format suitable for OpenQuake, 
and the modeling was performed using scenario analysis, where the 
rupture geometry and the selected magnitude are used to estimate 
ground motions from the GMPEs for a defined number of simulations 
to capture the associated uncertainties. Mean ground motion values 
were extracted for each fault rupture combination from 1000 simula-
tions in a 500-m-resolution grid and were used in further analyses.

The similarity between the liquefaction severity distributions and 
the PGA distributions from fault rupture modeling was quantified 
by a model error, ME (Eq. 5)

where LSF and PGA are the grids of the liquefaction severity factor and 
peak ground acceleration, respectively, the latter being normalized to 
the minimum and maximum values of the PGA grid. Equation 5 pro-
duces model error grids that can be used to see whether the spatial 
pattern of liquefaction severity matches that obtained from seismic 
shaking modeling at site (Fig. 4G and fig. S5). A global error (sum of 
squared differences) was calculated from the model error grids and 
was used to quantify the similarity between the maps (Eq. 6)

where i denotes the individual points of the model error grid. Model 
error grids and sum of squared differences were generated for both 
seismic periods and for each seismic rupture scenario (fig. S5 and 
table S4).

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Tables S1 to S5
Data S1
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