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Abstract
In Hawaiʻi, tsunamis are often described in orally transmitted legends (moʻolelo).  This study examines sedimentary evidence of a possible local submarine landslide-generated tsunami, described in a legend from the south east coast of Maui which originated between the 15th Century CE and the first arrival of Europeans in 1778 CE.  Physical evidence for a tsunami, found at the Nu'u Refuge, Maui, is primarily comprised of an extensive coral clast deposit (found 8.5 m above msl and 251m inland from the shoreline) together with waterworn cobbles which form fracture-embedded wedge clasts in a local basalt escarpment (at up to 8m above msl). U/Th dating of the coral clasts gives a maximum tsunami deposit age of 1671 CE for the event that may have inspired the local moʻolelo. This depositional sequence is used to characterize the nature of the assumed tsunami in terms of inundation distance, maximum wave runup and minimum flow velocities. A numerical model developed using GeoClaw matches well with the physical evidence.  The data and modeling presented here suggest that locally-generated tsunamis from submarine landslides warrant further research attention as sources of destructive high energy marine inundation events. 
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1. Introduction  
In the 21st century tsunamis have claimed the lives of nearly 250,000 individuals worldwide, making them one of the most deadly and destructive natural disasters, impacting both economic development and the integrity of coastal ecosystems (Tanaka et al. 2009, Reid and Mooney, 2023)..  In areas prone to tsunamis, their signature on the landscape has been recognized to last for centuries or longer, and they are known to transport large objects substantial distances inland, including ships, cetaceans and large coral boulders (Goff and Dudley 2021, Goff and Chagué-Goff 2009). Tsunamis have also been recognized as agents shaping both cultural and settlement patterns in the eastern Mediterranean, the United Kingdom, Melanesia and  Polynesia, among others (McClintock et al. 2023, Shtienberg et al. 2020, Smith et al. 2004, Goff and McFadgen 2007, Cain et al. 2007). 
In regions with relatively short (written) historical periods, such as North America, Australasia and Oceania, paleotsunami research often includes the study of pre-historic orally transmitted accounts.  These accounts can be used to provide a deeper understanding of both the destructive capacity of these events and vulnerabilities to future tsunami impact (Dawson and Stewart 2007a).  Accurate characterization of tsunami frequency and intensity remains a key component in designing strategies to mitigate their destructive capacity (Goff 2011).   
On average, Hawaiʻi experiences destructive tsunamis about once every 11 years, making it among the most tsunami-prone locations in the world (Fisher et al. 2023).  Across the archipelago, historic tsunamis, particularly the 1946 Aleutian Islands and 1960 Valdivia, Chile events, have claimed the lives of over 200 individuals making them the most deadly natural disaster in Hawaiʻi (Fisher et al. 2023).  In prehistoric Hawaiʻi, legends of tsunamis are often incorporated into the corpus of orally transmitted stories, or moʻolelo, in order to both convey important cultural values and to identify threats to the local community (Brown 2022, Beckwith 1982). 
The aim of this study lies in establishing the paleotsunami history of the 32-hectare Nuʻu Refuge on Maui’s south east coast.  We do so by hypothesizing that a traditional moʻolelo from south east Maui describes a locally-generated tsunami which impacted the Nuʻu Refuge sometime between 1671 CE and 1778 CE.  In doing so we set out to accomplish three tasks related to developing this hypothesis.  First, we review the moʻolelo recorded from Maui’s south east coast that indicates a high energy marine inundation (HEMI) event during prehistoric times.  Second, through field data collected from Kaupō district on Maui’s south east coast at Nuʻu Bay (fig. 1) we characterize the event most likely referred to in the moʻolelo in terms of run-up height, inundation distance, flow velocity and timing.  We do this by examining three widely accepted proxies for flood and tsunami inundation.  These include the use of small coral clasts to date the event and determine the approximate limit of inland inundation; utilizing waterworn cobbles and coral clasts wedged into a coastal escarpment (wedge clasts) to determine maximum wave heights; and using coral boulders surrounding Pūpuka pond in the Nu’u Refuge to calculate minimum flow velocities (figs. 2, 3).  Third, by using the proxy data acquired we propose a hypothetical tsunami model that could have produced results similar to those observed in the field.
Tsunami impact modeling illustrates the intensity of tsunami inundation, particularly for well-documented historically recorded events with run-up data collected soon after the event. 
Tsunami modeling is widely used to determine unmeasurable characteristics of the event and provide valuable evidence for their power and dynamics, usually in the aftermath of an event. Their application to paleotsunami is helpful in determining the frequency and magnitude of such events allowing more recent tsunamis to be put into a longer term context (Boserelle 2020).  
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Fig. 1: Map of the Hawaiian Islands and the Nuʻu Refuge with sites mentioned in the text.  The highest point on the refuge, to the north east of Pūpuka pond, is 11.8 m above sea level. 
2. Study Area 
 2.1  The Island of Maui and Nu’u, Kaupō
Maui is the second largest island in the Hawaiian archipelago with an area of 1,883 km2 (Juvik and Juvik 1999). It lies towards the south eastern end of the Hawaiian archipelago, and consists of two shield volcanoes, the older Mauna Kahalawai to the west and Haleakalā to the east (fig. 1).  The study area, Nuʻu, in the Kaupō district, is located on the southern slopes of Haleakalā, and is known as a traditional land section, or ahupuaʻa, within the district of Kaupō (fig. 1).  
Evidence of permanent human habitation in the Kaupō district begins in the 15th century with the early Hawaiian community practicing both fishing and sweet potato farming (Baer 2015, Kirch et al. 2009).  In the 19th century, cattle ranching and salt production dominated the economic life of Nuʻu (Maunupau 1998, Walmisley 2021).  A map produced in 1882 CE indicates a total of 8 homes in Nuʻu village adjacent to the pond, with an additional 16 structures in the area.  
On April 1st, 1946 a tsunami originating in the Aleutian Islands generated waves at Nuʻu exceeding 3m, damaging several homes in the village and precipitating its abandonment (Loomis, 1976). In 2011, after approximately 150 years of cattle ranching, the Hawaiʻi Land Trust, a local conservation organization, purchased the 32 hectare Nuʻu Refuge with the intention of restoring the degraded ecology around Pūpuka pond (discussed below) and preserving and protecting significant archaeological sites. 
The Nuʻu Refuge consists of three geological and ecological units, including a coastal plain, a palustrine discharge wetland and a geologically young lava peninsula.  The first unit consists of 9.5 hectares of coastal plains composed mainly of basalt sand, gravel, cobbles and boulders near the coast, and mixed colluvial soil and basalt cobbles and boulders further inland.  The cobble and boulder fore-bench along the coast reaches approximately 2 m above msl with the coastal plain varying in width between 100-300 m, ending at a columnar basalt shelf approximately 6-9 m above msl (3-5 m above ground level) at its eastern end.  A second unit consists of a 2.5-hectare palustrine discharge wetland, known as the Pūpuka pond, lying approximately 1-2 m above msl, and surrounded by a 9 m cliff on three sides.  The third unit includes a 20 hectare peninsula of aʻa lava known as Kalaeʻapole, the result of a lava flow occurring approximately 1160 +/- 50 BP (Sherrod et al. 2006).  Kalaeʻapole’s highest point, and the highest point on the Nuʻu Refuge, lies inland near a state highway at approximately 23 m above msl (fig. 1).    
2.2 Pūpuka Pond
Pūpuka pond has been recognized as ecologically significant, serving as both high quality habitat and a transit point for endangered Hawaiian waterbirds for their travel across the 51 km ʻAlenuihāhā Channel between Maui and Hawaiʻi Island (Bruland and McKenzie 2010, fig. 1). Considering its critical habitat, the Hawai’i Land Trust is committed to mitigating the deposition of sedimentary material into the Pūpuka wetlands during HEMI events.
3. Materials and Methods 
3.1 Legends of catastrophic saltwater inundation events at Nuʻu and across Hawaiʻi	 
Orally transmitted legends have become an important tool to identify and characterize catastrophic inundation events, including tsunamis (Lavigne et al. 2021, Goff and Nunn 2016, Clark et al. 2014). For this study we conducted a review of orally transmitted legends from the region, in both English and Hawaiian language newspapers and other published material for references to HEMI events (Brown 2022, Beckwith 1982, Maunupau 1998, Kalaowali 1891).  This survey included references to any marine inundation across the archipelago, with special attention paid to Maui’s south east coast.  All translations were made by the lead author.
3.2  Wrack line distribution of small coral clasts and chronological controls
 Wrack lines mark the terminal (or near terminal) extent of tsunami inundation.  This line was mapped on Kalaeʻapole using a Sparkfun RTK Global Navigation Satellite System (GNSS) (accuracy  +/- 1.4 cm) following an easily distinguishable series of small coral clasts (fig. 2). The data were processed and mapped in Arc-GIS 10.8.  Five coral clasts were collected for U-Th dating (sup. table s1).
Collection criteria of coral clasts for dating included both angularity of the clasts and distance from recognized archaeological sites and trails.  Selection of angularity ensured brevity between breakage and deposition. In Hawaiʻi such coral clasts are known to mark trails on lava fields and are often associated with ritual and other archaeological sites (Gregg et al. 2015).  In order to avoid anthropogenically deposited coral, fragments closer than 50 m from recognizable archaeological sites and trails were avoided, and, where possible, clasts were selected that underlay other basalt rocks (i.e. those obviously not deposited as trail markers). U-Th dates of these coral clasts were determined by the British Geological Survey, National Environmental Isotope Facility following the procedures of Crémière et al (2016),  
 3.3 Paleostage indicators: wedge clasts 
	 Paleostage indicators (PSI) include a variety of material from which researchers can infer flood stages or, in the case of tsunamis, maximum runup heights (O'Connor et al. 1992).  Typically, PSI include eroded basalt benches, geomorphic surfaces such as terraces or floodplains, ice-rafted erratics, and exotic rock types (O’Connor et al. 1992, Jarrett et al. 2002). A total of 130 vertical fractures along a 1.25 km length of coast were inspected, with 16 fractures containing one or more waterworn cobbles or coral clasts (figs. 2 and 3, sup. table s2).  Wedge clasts were mapped using GNSS and data collected on elevation above sea level and distance from the ocean.  Additional data included type (basalt waterworn cobble or coral clast), orientation in degrees and measurements of length (x-axis average) width (y-axis average) and height (z- axis average), where possible (sup. table s2).  Wedge clast data were processed and mapped in Arc-GIS 10.8. 
While we cannot definitively discount anthropogenic or other natural means of wedge clast emplacement, we adhered to a strict protocol to minimize this possibility.  For inclusion in this study wedge clasts had to meet three criteria.  First, only waterworn basalt cobbles or coral were counted (i.e. those deriving from, or shaped by, the ocean).  Second, only those clasts embedded in the vertical crevices which could not be easily extracted by hand were included.  Finally, clasts which could have possibly fallen from above (i.e. crevices wider at the top) were excluded.  Additionally, where clusters of wedge clasts were found, measurements included only the highest clast (sup. table s2). 
3.4  Coral boulder deposits 
Post-tsunami surveys of coral boulders have been utilized to characterize inland inundation distances and minimum flow velocities on Ishigaki Island, Japan; Tongatapu, Tonga; Savaii and Upolu, Samoa; Oʻahu, Hawaiʻi; Sumatra, Indonesia; and numerous other locations (Wayne et al. 2018, Etienne et al. 2011, Goto et al. 2010, Frohlich et al. 2009, Keating 2004).  
Coral deposits of clasts over 20 cm in length (n=63) were sampled around Pūpuka pond for weight (kg), length (a-axis), width (b-axis) and  height (c-axis), orientation (degrees), slope angle above mean tide level and elevation (m above sea level; fig. 2,  sup. tables S3 and S4). Coral boulders found within 30 m of identifiable archaeological sites were not included in this study.  Coral boulder distribution patterns were mapped using Arc-GIS (fig. 2).   
 	Clast volume (V, m3) and mass (M, kg) were calculated from clast dimensions.  For irregularly-shaped clasts with eroded edges and corners, volumes are typically overestimated by simply multiplying the axes (a × b × c).  A better approach is to calculate clast volume as the best-fitting ellipsoid:
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Clast mass (kg) was subsequently estimated from ρ × V, where ρ is the density of coral limestone (1.8 t/m3).
Characteristics of shoreward minimum flow velocities (MFVs) generated by (paleo)tsunamis, presumed as responsible for the landward transport of coral clasts, can be calculated by applying hydrodynamic flow-transport (HFT) equations (fig. 4).  MFVs were thus calculated using clast dimensions and beach slope, under a variety of assumed modes of clast transport, including sliding, overturning and lifting.  The following formulas and coefficients were used, based upon the widely-adopted HFT equations of Nandasena et al. (2011), modified by Terry and Malik (2020) for high-energy flows containing elevated sediment concentrations:

Eq.1 for clast transport by sliding

	
Eq.2 for clast transport by overturning

 
Eq.3 for clast transport by lifting. Where u is flow velocity (m/s) and all other parameters and coefficients are as given in Table 1.
	Symbol
	Parameter

	a
	clast a-axis (long axis, m)

	b
	clast b-axis (intermediate axis, m)

	c
	clast c-axis (short axis, m)

	Cd
	coefficient of drag (1.95)

	Cl
	coefficient of lift (0.178)

	μs
	coefficient of static friction (0.7)

	g
	acceleration of gravity (9.81 m/s2)

	θ
	slope angle of beach (degrees)

	ρb
	density of clast (1.8 t/m3 for coral limestone)

	ρw
	density of sea water (1.025 g/ml) 

	Cρ
	mixed-fluid density coefficient for seawater containing suspended sediments (1.087)2




Table 1.  Parameters used in hydrodynamic flow transport equations.  Cρ is a multiplier for clear-seawater density, for conditions of elevated sediment content (as suspension and saltation load) during a tsunami.  Here we adopt a conservative value of 5% sediment concentration of basaltic (volcanic) sands and pebbles in the tsunami flow.  See Terry and Malik (2020) for further details.  
3.5 Tsunami impact modeling 
Models of the 1946 Aleutian Islands and 1960 Valdivia, Chile events, the two most powerful 20th century tsunamis, failed to produce wave velocities or inundation distances sufficient to either transport coral boulders into Pūpuka pond or more generally to match material found in the field (Okal and Herbert 2007, Moreno et al. 2009, supplementary fig. s2).  Considering this, a local or regional tsunami, likely generated by a submarine landslide, seems the most likely explanation for a wave of sufficient magnitude.
To investigate the conjecture that a nearby submarine landslide could have created a localized tsunami that was responsible for transport of the clasts, a hypothetical source was created and the GeoClaw software was used to model the resulting tsunami and its impact on the Pūpuka pond region.  For simplicity, we have assumed the landslide had the form of a submarine slump that can be modeled as a dipole source in which part of the seafloor drops while the neighboring seafloor rises (fig 5e). Similar sources have been used, for example, in modeling the submarine slump that probably accompanied the 1946 earthquake in the Aleutian Islands and the slump that created a large localized tsunami in Papua New Guinea in 1998 (Okal and Herbert 2007, Watts et al. 2005, Fryer et al. 2004, Synolakis et al. 2002).  The present-data bathymetry was modified by adding a function of the form:

    D(x,y,t) = A sin(𝜋 x/L) sech2(2.5x/L) sech2(3y/W) (cos(𝜋 t/T) + 1)/2
    
 (for |x| < L, 0 <= t <= T).  In this formula, x and y are measured in meters.  This source function is then placed at the desired location offshore and converted to UTM coordinates (longitude-latitude), after also rotating so that the main axis points in the desired direction.  At the initial time t=0 of the simulation this gives an additional mass on the seafloor that is uphill from a trough of equal volume.  Over the specified time period of T seconds, the function D(x,y,t) decays toward the zero function, so that the present day bathymetry is recovered at later times.  The length L, width W, and amplitude A can be adjusted to give a slump of any size.  The maximum amplitude of the hump and trough are approximately equal to A, and the resulting tsunami has a similar peak amplitude.

As evidence that such a slump could produce a localized tsunami of the desired magnitude, we chose to center this source at 20.59N, 156.2W, which is on a relatively steep offshore slope roughly 4.5 km offshore from Nu'u, with an orientation that directs the largest waves toward the refuge. Currently there is no direct evidence of a submarine mass failure in this specific location, but bathymetry data indicate nearby landslide scarps (fig. 5a).  For hypothetical tsunami sources we fixed the slump dimensions with L = W = 3km, and varied only the amplitude by setting A = 5, 10, or 15 m.  The slumps modeled are thus similar in dimensions to the PNG 1998 model used by Watts et al. (2005) and plausible for a local slump event. We also used a similar time scale for motion, setting T = 30 seconds for all cases.  Okal and Herbert (2007) used a similar shape but with larger dimensions for the landslide associated with the 1946 earthquake.   Figure 5a shows contours of the initial slump dipole and its location relative to Nu'u, along with a hillshade and pseudocolor representation of the bathymetry/topography.

More recent modeling of the PNG 1998 event and other landslide-generated tsunamis have used more sophisticated models of the landslide itself.  But given the current lack of knowledge of the possible slump location and characteristics, in this work we simply illustrate that such an event could have created the deposits we study, and for this the simple source model adopted is sufficient.  We note that a tsunami affecting Nu'u could also have come from a larger slump that was farther away, e.g. on the steeper slopes that are farther out in the ʻAlenuihāhā channel. Such an event might still have been sufficiently localized that it was not observed or recorded elsewhere.  

The time-dependent seafloor deformation described above was used as input to the open source software GeoClaw, which is distributed as part of Clawpack (Clawpack Development Team, 2024). This software solves two-dimensional depth-averaged fluid dynamics equations to model tsunami generation, propagation, and onshore inundation (Berger et al. 2011). We used version 5.10.0 of the software, which includes not only the nonlinear shallow water equations, which are often used for tsunami modeling, but also an implementation of dispersive Boussinesq-type equations that are better able to model shorter wavelength tsunamis, such as those arising from localized slump events.  The form of Boussinesq equations we used for this work are the modified Serre-Green-Naghdi equations proposed by Bonneton et al. (2011).  
The present-day topography and bathymetry were used in this modeling, obtained from 6 arcsecond and 1/9 arcsecond DEMs distributed by NCEI (CUDEM 2024). The topography of the beach around Nuʻu was known to have been somewhat different in the past, based on historical maps (beach material has accreted recently), but for the hypothetical sources used here with adjustable amplitude, we believe the basic fluid dynamics around the Pūpuka pond region would have been similar.  Animations of this event are included in the supplemental information. 

4. Results  
4.1  Accounts of high energy marine inundation (HEMI) events
	 Moʻolelo (orally transmitted accounts) of high energy marine inundation (HEMI) events are well known in Hawaiʻi (Brown 2022, Beckwith 1985, Maunupau 1998).  Such legends often encapsulate important traditional ecological knowledge as culturally encoded information associated with catastrophic events (Goff 2023, Lauer and Matera 2016).
Researchers have recorded a number of moʻolelo which describe catastrophic marine inundations across the archipelago, which have proven particularly useful to characterize the impacts of tsunamis on human communities (Brown 2022, Beckwith 1982, Anon. 1868, Anon.1869).  One particular legend from this area along Maui’s south east coast (fig. 1) describes the destruction of a fishpond by the Hawaiian deities Kāne and Kanaloa, the gods of agriculture and the ocean, respectively. As Maunupau (1998) describes it:
“A man who lived at Kahikinui [approximately 2.5 km from Nuʻu] had a fishpond that was famous for its fat fish.  Kānemalaho was the name of this fishpond.  One day two strangers came to the house of the native of Kahikinui. These were the gods Kāne and Kanaloa…When these strangers came the husband had gone fishing and only the wife was at home.  They asked her for fish and she told them to wait until her husband came back, then they would have some fish.  They were very angry with this answer, so they left to go to the fishpond where they broke it to pieces with their supernatural mana [spiritual power].  Then they went on their way to Nuʻu and Kaupō.”  
Fishponds (loko iʻa) are common features of coastal ecosystems in Hawaiʻi, with over 350 loko iʻa of various types recorded on all of the main Hawaiian Islands (Keala 2007).  While loko iʻa frequently extend from the shoreline into the ocean on shallow reef flats (creating a type known as a loko kua pā), in areas where off-shore water depth precludes such construction, fishponds were typically built inland from the coast, often near springs, in a type known as a loko puʻuone (Keala 2007, Costa-Pierce 1987).  Considering the coastal bathymetry of the Kahikinui coast, Kanemalaho fishpond would have been a loko puʻone, constructed inland from the coast, likely in a natural spring-fed depression.  Typically, the construction of fishponds did not involve dredging.. 
Although nothing in the telling of this moʻolelo specifically identifies this event as a tsunami, Kanaloa’s supernatural powers associated with the ocean, would have likely been tacitly understood by the audience as a tsunami. Additionally, the presumed location of the fishpond inland from the coast argues against the likelihood of storm-driven waves, as these waves typically lose their energy only a short distance from the coast (Dewey et al. 2021, Goff et al. 2009).  Tsunamis, however, with their wave energy throughout the entire wave column are known to cause substantial destruction far inland from the coast.
Maunupau’s (1998) version of this legend contains only sparse details to constrain the chronology.  However, the presence of a family who had constructed a fishpond, presumes permanent habitation.  Archaeological work in both Kaupō and Kahikinui indicate settlement from the 15th-century onwards, constraining the date of this event to sometime afterwards (Baer 2015, Kirch 2014).  More recent constraints of this event are also speculative, but stories involving traditional Hawaiian deities suggest a time prior to the arrival of Europeans in 1778 CE.  In the original Hawaiian language version of this story, Maunupau (1998) suggests two words indicating the complete destruction of the fishpond, wāwahi (to dash to pieces) and nāhāhā (to break in pieces) (Pukui and Elbert 1971).  The use of these particular terms suggest the intensity of the destruction of the fishpond by these deities.
   4.2 Wrack line distribution and chronological control
Wrack lines, or debris lines, of shells, coral and other off-shore material provide evidence of HEMI events, although in many cases distinguishing between storm surges and tsunamis can prove challenging (Richmond et al. 2011 Dodson et al. 2014).  Distances from the coast provide the most useful diagnostic tool to distinguish between them, as tsunamis typically travel significantly further inland (Griswold et al. 2018, Watanabe 2018).
Five coral clasts were collected from the wrack line on Kalaeʻapole which forms the approximate inland and upland extent of tsunami inundation (fig. 2).  The coral clasts ranged in size from 2.1-5.2 cm long and were collected for dating from elevations ranging from 6-8.5 m above msl (coral clasts 3 and 1, respectively). Inland distances ranged from 66.7 to 251 m from the coast (coral clasts 4 and 3, respectively; sup. table s1).  These dates range from 1671 CE to 878 CE (sup. table s1).  It is likely that the most recent date of 1671 CE corresponds to the maximum age of the tsunami which also imbricated the wedge clasts and transported the coral boulders inland to their current location.  The three other coral clasts, which date to 1446 CE, 1274 CE, and 1071 CE, were likely reworked during the event (sup. table s1).  
The wide range of dates seen from the Nuʻu samples has a corollary with reported dates of depositional material from coastal ecosystems elsewhere.  For example, Cundy et al. (2010) reported dates ranging nearly 2,000 years from a coastal site in Greece.  Ishizawa et al. (2020) also note the inherent challenge of dating tsunami deposits, pointing out that during wave run-up erosional processes tend to incorporate previously deposited material into the sedimentary mix.  The range of dates found in the wrack line deposits likely reflect this process of reworking.  However, it should be noted that the possibility of anthropogenic transportation, while unlikely, cannot be entirely ruled out.  
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Fig. 2: Coral boulders (color coded by weight), paleostage indicators and small coral clasts  around Pūpuka pond.
 
4.3 Paleostage indicators (PSI)
A survey along a 1.25 km stretch of Nuʻu’s coastal escarpment revealed a total of 16 vertical fractures containing a total of 37 wedge clasts.  These included 34 waterworn basalt clasts and 3 coral fragments.  Considering the large number of fractures along this portion of the coastal escarpment, (n=130), wedge clasts were relatively uncommon. 
 Distances from the ocean ranged from 40 to 193 m, with the elevation of the highest clast, number 14, recorded at 8 m above msl (sup. table s2).  Measurements of accessible cobbles averaged 8.3 cm on the x-axis, 4.4 cm on the y-axis and 6.3 cm on the z-axis (sup. table s2; note the inaccessibility of several cobbles).  Considering the height of deposition and the size of the cobbles, bed load or saltation seems the most likely transport mechanism.  We presume that the wave which transported these waterworn cobbles was the same as that which transported the coral boulders and the coral clasts found on Kalaeʻapole, although this cannot be conclusively proven.   
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(b)
Fig. 3: Paleostage indicators: wedge clast #11 found at Pūpuka pond at an elevation of 3.75 m above msl.  (a) Circle includes four wedge clasts; (b) Up close view of the same wedge clasts. 

 4.4  Boulder deposits and flow velocity
Size data on 63 coral boulders were recorded, distributed between the northwest and southeast sides of Pūpuka pond (fig. 2, sup. fig. s1, sup. table s3).  The largest measured clast had a volume and mass of 0.054 m3 and 28.1 kg respectively (clast ID #6 at Nuʽu east; sup. table s3).  Using the system of Blott and Pye (2008) to define three-dimensional form of sedimentary particles, Nuʽu coral clasts fall across various different categories (sup. fig. s3), generally with blocky shapes (flat block – sub-equant block – elongate block).  Nuʽu southeast shows a higher proportion of blade and rod shaped clasts compared to Nuʽu northwest, where these shapes are notably absent.  Most of these boulders were scattered on the surface, although coral boulder #23 was embedded into the underlying substrate of Kalaeʻapole to a depth exceeding 20 cm, suggesting substantial flow velocity (sup.table s3). 
Published hydrodynamic flow-transport (HFT) equations were used to calculate the minimum flow velocities (MFVs) necessary to initiate movement of coral clasts deposited at the study site.  Calculated MFVs (fig. 4) therefore provide a surrogate estimation of past tsunami magnitudes responsible for clast transport.  All reef-derived coral clasts at Nuʽu are assumed to have been either overturned (or lifted) during hydrodynamic transport from their original reef-platform (or reef-edge) sources.  According to calculations, a 1.7 m/s MFV is required to set in motion the largest measured clast by overturning (rolling), with a higher 5.5 m/s MFV needed for clast lifting (saltation).  
Note that if the HFT equations are based on clear seawater density (a common approach), without applying the mixed-fluid density coefficient (preferred here to represent more realistic elevated sediment concentrations (5%) within the tsunami runup), then calculated MFV values are approximately 11% higher (i.e. 1.8 m/s for overturning and 6.1 m/s for lifting the heaviest clast).  In comparison, from field measurements of much larger transported carbonate reef blocks elsewhere in the Pacific Islands, (paleo)tsunami-induced nearshore MFVs have been estimated at 4.7 m/s (overturning) and 9.3 m/s (lifting) in Fiji and 7.3 m/s (overturning) and 16.3 m/s (lifting) in Kiribati (Terry et al. 2021,Lau et al. 2018).  In both of these examples, localized tsunamis were probably caused by offshore submarine landslides, similar to the event suggested at Nu’u.
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Fig. 4. Minimum flow velocities under various transport conditions for numbered coral clasts.
4.5 Modeling tsunami impacts
Submarine landslides are known to generate tsunamis around the Hawaiian Islands.  These include an 1868 CE tsunami in the Kaʻū district of Hawaiʻi Island, the deadliest 19th century tsunami in the archipelago, as well as the most recent deadly tsunami in 1975 (Goff et al. 2006).  As discussed below, Nuʻu experienced a destructive local tsunami in July of 1891 CE, likely derived from a submarine landslide in the ʻAlenuihāhā channel.  While a Hawaiian language newspaper described this event, it is otherwise not widely known (Kalaowali 1891).  The fact that Nuʻu previously experienced a local, presumably tsunamigenic submarine landslide raises the possibility that it had occurred before, and the resident community captured this event in a moʻolelo passed down through the generations.
Models based on the two largest tsunamis to hit the Hawaiian Islands in the 20th century, the 1946 Aleutian Islands and the 1960 Valdivia Chile tsunamis, were created to evaluate their impacts at Nuʻu, and to gauge if they had sufficient force to transport the materials evaluated in this study.  These models demonstrated insufficient energy to transport either the wedge clasts or the coral boulders to their current locations (sup. fig. S3). For this reason, this study used a hypothetical tsunami from a local source nearer the Nuʻu Refuge.  The local tsunami described above lends support to this assumption. 
The random distribution of the coral boulders likely reflects tsunami-event (run-up and backwash) patterns of accumulation of coral and basalt material.  Figures 5-7 below illustrate the GeoClaw results for the three hypothetical events with wave amplitudes at the coast of A = 5, 10, and 15 m.  Figure 5a and b show the location of the tsunamigenic submarine landslide and two synthetic gauges where time series of water depth and speed were monitored during each simulation.  Gauge 101 lies on the beach and Gauge 103 lies near the shore of the pond closest to a paleostage indicator found wedged above Pūpuka pond at an elevation of 3.2 m above msl (wedge clast #11 in sup. table 1).  Both gauges lie on a transect shown as a black line. Figure 6 illustrates a time series of the gauge conditions with the various wave amplitudes in relation to these wedge clasts found above Pūpuka pond.  The supplement includes animations of the tsunami amplitude on this transect over time.  

In order to investigate the potential for the tsunami to bring clasts into the pond region from the beach, we used the fluid velocities calculated by GeoClaw to perform particle tracking, using the initial distribution of particles shown in figure 5c (Clawpack Development Team 2024). Red circles represent hypothetical particles located offshore while black squares represent onshore particles, all in regions where the topography was within a few meters of sea level.  Whereas we used a uniform initial distribution of particles, field observations at Nuʻu suggest that long-shore drift causes accumulation of material to the east, next to Kalaeʻapole, likely influencing the difference between the modeled and actual distribution of the coral boulders.  
The particle tracking was performed using a simplified model in which each particle moves with the local fluid velocity, but only when the fluid speed is greater than 5 m/s and the fluid depth is greater than 10 cm.  Otherwise it is stationary. This determination is made every 2 seconds based on fluid velocities computed in the tsunami simulation, and moving particles are advanced by a simple forward Euler time step of 2 seconds (i.e., the displacement over this time step is the vector velocity in m/s multiplied by 2 s).  There is no feedback from the particle motion to the fluid dynamics.  It would be possible to include more complex particle dynamics, such as incorporating the mass of the particles along with static and dynamic friction forces if the particles are being dragged on the bottom.  However, the clasts studied in this paper are small relative to the inundation depths, and we believe that this simple model of mobilization gives a sufficiently realistic indication of their possible motion and final resting place to illustrate the potential for a localized tsunami source to have created the observed depositional pattern.

Figures 7a, b and c show the location of these particles at time 3:30 minutes following initiation of the submarine slumps for the three cases studied (A = 5, 10, 15 m). This is roughly the time when the tsunami has reached its point of maximum inundation in each case. Similarly, figures 7d, e and f show the final distribution of particles after 20 minutes of simulated time for the three cases.  A comparison of the modeled inundation generated by the 10 m slump shown in figure 7e with figure 2 shows the greatest degree of conformity between the modeled event and the actual deposition of both the paleostage indicators and coral boulders surrounding Pūpuka pond.  Additionally, the elevation of the wedge clast above Pūpuka pond conforms to the modeled run up height at gauge 103 in figure 6b.  This modeling suggests that a slump of approximately 10 m in this hypothetical location could have generated a wave (or sequence of waves) with a run up height reaching 8 m, which transported wedge clasts at least 188 m inland (sup. fig. s1).  However, the deposition of the small coral clasts 251 m inland on Kalaeʻapole suggest the 15 m wave amplitude model may be a better fit.  
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Figure 5: (a) Slump dipole of modeled event; (b) gauge locations in Pūpuka pond, note the location of wedge clasts #11 and #14;  (c) initial conditions of Nuʻu at the beginning of the modeled event; red circles depict source location of marine debris; black squares depict onshore basalt cobbles and boulders. 
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Figure 6: Time series of gauge conditions at Pūpuka pond with wave amplitudes of (a) 5 m; (b)10 m; (c) 15 m.   
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Figure 7: Tsunami inundation at t=3:30, as wave inundation is reaching its maximum with modeled slumps generating waves with amplitudes at the coast of (a) 5 m; (b) 10 m; (c) and 15 m and Tsunami inundation at t=20:00, with wave amplitudes at the coast of (d) 5 m; (e) 10 m; and (f) 15 m. Red dots indicate coral boulders, while black dots indicate basalt boulders.

5. Discussion
	The moʻolelo (legend) of Kāne and Kanaloa destroying a fishpond along Maui’s south east coast describes a destructive wave which could have impacted the Kaupō coast sometime after the 15th century, when people permanently inhabited this area.  While the legend does not contain a direct reference to a tsunami damaging the Pūpuka pond, its instigation by Kanaloa, the deity associated with the ocean, suggests a HEMI event (Beckwith 1982). 	Data collected from the Nuʻu refuge support this moʻolelo as the result of a powerful tsunami in the pre-historic period.  Coral boulders from the northwestern and southeastern periphery of Pūpuka pond, paleostage indicators in the form of wedge clasts, and small coral clasts from Kalaeʻapole all point to an event larger than any known historical event (fig. 2). 
  Moʻolelo of suspected local tsunamis are documented at other locations across the Hawaiian Islands.  For example, a chant composed in the 16th century by Huluamana, a resident of Kalaeloa, on the east central coast of Molokaʻi records a wave which killed the residents of this village (fig. 1, Lander and Lockridge 1989).  While we cannot discount the possibility that this wave and the one at Nuʻu describe the same event, so far no records have emerged of similar inundations affecting other areas of south Mauiʻs densely populated coast, particularly the village of Lāhaina (fig. 1).    
Minimum flow velocities indicate speeds up to 1.6–5.5 m/s, while wave runup heights estimated from wedge-clast paleostage indicators suggest run up heights around 8 m above msl (figs. 2 and 4, sup. table s2).  Small coral clasts from Kalaeʻapole provide a chronological control for the tsunami which deposited them and indicate an event date around the late 17th to late 18th century.  These small coral clasts also suggest wave runup heights between 8 and 8.5 m and inland inundation distances up to 251 m (sup. table s1).  Modeling of this event, which takes into account the proxies discussed above, suggest a local, rather than regional or distant-source, tsunami (fig. 7). This model of material deposited during a tsunamigenic submarine landslide off the coast of Nuʻu substantially conformed to the data collected from the coral boulders, paleostage indicators and small coral clasts used in this study (figs. 2 and 7).  Considering this, it seems plausible that an offshore submarine landslide triggered this event, possibly originating from the steep slopes of the ʻAlenuihāhā channel.
Terry et al. (2019), Goff and Terry (2016) and Goff (2011) note that oceanic volcanoes, which includes Haleakalā, are subject to submarine slope failure.  While subduction zone earthquakes generate the majority of recorded trans-Pacific tsunamis, sub-aerial and submarine landslides are responsible for at least 10% of recorded tsunamis worldwide, if not considerably more (Goff 2012, Goff and Cain 2016).  Historical records have implicated a submarine landslide (also known as a submarine mass failure) in the South China Sea for the death of 40,000 people around Taiwan in 1781 CE or 1782 CE (Dodson et al. 2014).   One of the most destructive 20th century tsunamis occurred on July 17, 1998 when an earthquake and submarine landslide offshore of ʻAitape, Papua New Guinea generated a tsunami with wave heights exceeding 15 m (Dawson and Stewart 2007b, McSaveney et al. 2000).  This tsunami killed at least 2200 individuals, with inland inundation distances exceeding 400 m (Jaffe et al. 2008, Okal and Herbert 2007).                                                    
	In the Hawaiian islands, sedimentary debris from Pleistocene submarine landslide generated tsunamis has been documented on the islands of Hawaiʻi, Molokaʻi and Lānaʻi (fig. 1, Moore 2008, Webster et al. 2006, McMurtry et al. 2004, Johnson and Mader, 1995, Moore et al. 1994, Moore and Moore, 1988, Moore and Moore 1984).  Researchers have noted two sources for submarine landslides, known as Alika I and II, originating from the southwestern flank of Hawaiʻi Island.  Alika I occurred sometime between 240 and 200 ka BP, with runup heights recorded between 46 and 60 m.  Evidence for the Alika II submarine landslide dates to between 120 and 105 ka BP, with measured runup elevations on the island of Lānaʻi of 375 m (McMurtry et al. 2004, Johnson and Mader, 1995, Moore et al. 1994, Moore and Moore, 1988, Moore and Moore 1984).  However, other researchers have questioned the validity of the claims for tsunami deposition, noting that lithospheric flexure offers an equally plausible scenario (Keating and Helsey 2012, Rubin et al. 2000, Grigg and Jones 1997). 
Notwithstanding this debate, four known historic tsunamigenic submarine landslides were recorded in the Hawaiian Islands in the 19th and 20th centuries.  The first of these took place in the Halapē-ʻĀpua area of Hawaiʻi Island after a Mw 7.5 earthquake occurred on April 3rd, 1868 CE (fig. 1, Goff et al. 2006). This event killed 47 individuals and destroyed 108 homes in the village of ʻĀpua, leading to its abandonment.  A survey in the aftermath of this event noted that waves estimated at 6 m had “swept over the top of the cocoanut [sic] trees” (Anon. 1868).  A year later, on the 24th of July, 1869 CE a tsunami flooded villages along the Puna coast of Hawaiʻi Island, several kilometers north of the previous year’s event, with inundation distances reported up to 270 m with water overtopping a 4.5 m embankment (fig. 1, Anon.1869).
  A third event, likely from a submarine landslide in the ʻAlenuihāhā channel, damaged homes and covered the Pili o Kāne spring on the northern edge of Nuʻu’s Pūpuka pond (fig. 2) on the 18th of July, 1891 CE (Kalaowali 1891).  Local residents reported inundation distances of approximately 150 m inland.  Reports of this event were limited to Nuʻu, suggesting a local event, although relatively little is known of this incident beyond one reference in the Hawaiian language newspaper Ka Leo o ka Lāhui.   
Hawaiʻi’s most recent deadly tsunami, also a local event, struck Hawaiʻi Island in the area of Halapē-ʻĀpua (in the same vicinity as the April 1868 CE event) when a tsunamigenic submarine landslide occurred in the early morning hours of November 29th, 1975, killing two and injuring 19 campers (Goff et al. 2006).  A survey which followed this event estimated wave heights of 5 m with inundation distances of 250 m (Lander and Lockridge 1989).  These historically recorded events demonstrate that locally generated tsunamis can produce wave heights of 6 m or greater and inundation distances of nearly 300 meters are possible and can occur along the same coastline.  As the data and modeling here suggest, locally-generated tsunamis from submarine landslides warrant further attention and research in the Hawaiian Islands as sources of destructive HEMI events.
6. Conclusion
	We hypothesized that a legend passed down through the generations describes a local, pre-historic tsunami from Maui’s south east coast..  As the agent of this event, Kanaloa, the deity associated with the ocean, suggests a tsunami as the culprit.  Field investigations at Nuʻu along Maui’s south east coast suggest the veracity of this moʻolelo. This legend suggests the importance of indigenous knowledge as an avenue for future paleotsunami research.  
Data gathered from small coral clasts, wedge clasts and coral boulders provide critical evidence of the destructive power of this tsunami and support this hypothesis. The data suggests this event took place sometime between 1671 CE and 1778 CE, and witnessed runup heights of at least 8 m with inundation distances of at least 200 m, and minimum flow velocities reaching 5 m/s.  The power of this wave, as demonstrated by the inland deposition of the coral boulders in particular, suggests a tsunami rather than a large storm.  Additionally, the lack of recorded trans-Pacific tsunamis capable of the degree of inundation witnessed from this event suggests the likelihood of a local tsunami.  
	Particle deposition from a hypothetical slump-generated tsunami occurring in the ʻAlenuihāhā channel near the Nuʻu Refuge shows broadly similar patterns to data gathered from field investigations.  A review of historically documented local tsunamis, including a smaller event generated offshore of Nuʻu in July, 1891 CE, suggests the plausibility of a local tsunami generated in the ʻĀlenuihāhā channel.  This research demonstrates the importance of research on locally-generated tsunamigenic submarine landslides, while the efficacy of this approach rests on understanding both the cultural expressions of these events as well as their source mechanisms.  
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