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Abstract
We identify 14 mechanisms, marine and non-marine, one man made, that result and could 
result in the formation of boulder deposits after reviewing issues associated with clast 
shape, size and classification. Four of these mechanisms: storm deposits; waterspouts; cliff 
collapse; and catastrophic flooding below sea level, may produce deposits stretching for 
significant distances along shorelines which could be confused with historical or prehis-
toric tsunami deposits. However, recent debate has more specifically focused on parameters 
that can be employed in the distinction between coarse-grained tsunami and storm depos-
its, both of which can occur in the same location. We argue that features such as size, areal 
distribution and clast shape are not uniquely characteristic of either deposit. Rather, a wide 
variety of parameters, which reflect the period and the frequency of the transporting waves, 
need to be taken into account. Such analyses may be aided by profiles which evaluate the 
variation in modeled flow velocities with distance from the shoreline. Finally, we com-
pare and contrast characteristics of coarse grained tsunami deposits with those of northeast 
Atlantic storm deposits that may aid in the identification of the transporting wave.

Keywords Boulder deposits · Mechanisms of formation · Marine · Non-marine · Review

1 Introduction

Shoreline boulder deposits, which often contain megaclasts (clasts with intermedi-
ate axis > 4.1 m) (Terry and Goff 2014), provide a record, commonly time integrated, of 
extreme marine inundation events. Interrogation of this record requires that the mechanism 
by which these deposits are formed is correctly identified. This contribution first reviews 
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14 possible mechanisms that may give rise to boulder deposits, identifies those capable of 
producing extensive shoreline parallel deposits, and finally discusses some aspects of the 
current debate in separating tsunami and storm related boulder deposits. Clear distinction 
between these mechanisms is vital for many regions of the world where similar deposits 
have been the focus of considerable research such as Hawaii (Goff et al. 2006), New Zea-
land (Goff et al. 2018) and Australia (Courtney et al. 2012; Thomas and Schmidt 2018). 
We finally consider a case history comparing characteristics of storm deposits in western 
Ireland with those of tsunami.

1.1  Boulder shape, size, mass and classification

A boulder is defined as a clast having an intermediate axis (B) of 0.25 m (Terry and Goff 
2014). However, in what follows, the intermediate dimension of clasts was, commonly, not 
reported. The mass of a boulder of a given intermediate dimension can vary greatly: a plate 
or slab has A (longest axis) ≥ B (intermediate axis) >> C (shortest axis), and the volume 
is consequently low; whilst a rod has A >> B ≥ C resulting in a higher volume and mass. 
The relationship between minimum mass, expressed as  log10(kg), of a boulder of rock of 
density 2600 kg  m−3 and its “ellipticity” or “shape factor” using the Zingg diagram (Blott 
and Pye 2008) is shown in Fig.  1 (see “Appendix 1”). Slab-shaped boulders may have 
masses less than 10 kg  (log10 = 1.0), whereas rod shaped boulders have a minimum mass 
of over 100 kg  (log10 = 2.0). We have, therefore, included transport mechanisms that have 
deposited clasts weighing in excess of 100 kg, which are likely to be boulders. The “shape 
factor” has implications for transport by rolling and sliding as both are modeled as being 
dependent upon C/B (Nandasena et al. 2011a, 2013; see “Appendix 2”). This ratio is larger 
in “elongate” forms than in “platy” forms (Fig. 1).

1.2  The plucking and transport of boulders

The size, sphericity, angularity, K value shape (Flinn 1962), and smoothness of a boulder 
depends upon many factors during its origin and evolution, starting with the mechanism of 
detachment from bedrock, influenced by lithology, rock structure and fabric, climate and 
topography. Detachment mechanisms include onion-skin weathering in jointed rocks, plant 
roots, gravity, ice wedging and gouging, and hydraulic pressure along marine platforms and 
cliff bases. Transport mechanisms and the length of time between detachment and burial 
have a great effect on size and shape especially smoothing and rounding. Transport mecha-
nisms may be relatively slow, such as in glaciers, mature fluvial drainage basins, longshore 
drift, and solifluction, or fairly rapid during “catastrophic” events, such as tsunamis and 
storms. Boulder transport processes such as rolling, sliding, and suspension, also vary with 
clast size, shape and density, and transport mechanism. This is particularly notable in rapid 
transport mechanisms that can vary from hyperconcentrated flows to water driven sliding, 
and from long to short wave periods (Goff et al 2010; Goto et al. 2010). Dewey and Ryan 
(2017) argue that boulders with “platy” forms are more likely to be plucked for a given 
storm wave population. Finally, post-burial alteration may have a profound effect on shape 
and strength before a new cycle of detachment to burial.

It is the purpose of this paper to review the characteristics of catastrophic boulder trans-
port mechanisms and to distinguish between their deposits. First, we outline and review 13 
natural and one man-made mechanism in the sedimentary milieu, excluding volcanogenic 
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and bolide impact-related deposits. We note here that most of the non-marine mechanisms 
could lead to flows into the sea to give localized boulder deposits.

2  Mechanisms of boulder deposit formation

2.1  Tsunamis‑seiches

Tsunami and seiches are primarily generated by subduction-interface earthquakes, gravity-
slide masses, volcanic explosion-flank collapse-lateral blasts, and bolides. Run-up, wave 
height, and carrying capacity (e.g., Nott 2003; Barbano et  al. 2010) depend on sea-bed 
displacement volume and energy generated at origin, the bathymetric geometry of the shal-
lowing seabed, subaerial landform in the run-up region, and whether or not the run-up is 
laterally confined or concentrated as in a narrow or funnel-shaped bay, such as the Bay 
of Fundy and Bristol Channel or submarine canyons. Only tsunamis, contrasted to other 

Fig. 1  Zingg Diagram after Zingg (1935) and Blott and Pye (2008) with contours (red lines) in log10(kg) of 
the minimum mass required for a clast of a given geometry to be classified as a boulder (see “Appendix 1”). 
Each order of magnitude is marked by a thicker dashed line. Boulders are plotted from: the typhoon deposit 
of the Gulf of Bangkok (open circles) after Terry et al. (2018; Table 2); the Miocene tsunamite from Wait-
emata, New Zealand (pentagons) after Dewey and Ryan (2017; Supplemental Data Table S2); and the storm 
deposits from Annagh Head, western Ireland (open stars) after Dewey and Ryan (2017; Supplemental Data 
Table S3). Note that the boulders from the Waitemata tsunamite and the Gulf of Bangkok typhoon gener-
ated deposit have similar shape distributions
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waves, can affect hundreds to thousands of miles of the coastlines in the oceans and seas in 
which they originate.

Tsunamis can be associated with numerous related hazards. For example, small 
earthquakes can cause massive slide displacements that generate tsunamis, and there 
may be a strong hazard relationship between earthquakes, tsunamis and volcanic col-
lapse as in the US Pacific Northwest, where Seattle may be at simultaneous risk from 
a large subduction earthquake, resultant tsunami, and the collapse of the hydrolyzed 
and fragile Mt. Rainier with west-flowing mega-lahars. A mega-tsunami was gener-
ated by the 65  Ma Chicxulub impact when120 m high waves, decaying to 10  m over 
5000 km from the Yucatan Peninsula, transported impact-generated and shell sands at 
least that distance with the deposit possibly including 8 m meso-boulders laid down in 
Arkansas some 800 km inland (Smit et al. 1996). It has been claimed that a large, mid-
fifteenth century tsunami swept the eastern margin of Australia with jagged bed-rock 
stripping, fluting, and transporting of boxcar-size megaclastic rocks overtopping 130 m 
cliffs (Bryant and Nott 2001; Bryant and Young 1996), a possible origin being a bolide 
striking to form the Mahuika Crater south of New Zealand, an event with a possible 
link to the destruction of part of the Chinese Zheng He Fleet. This hypothesis has been 
questioned by Goff et al. (2010) and Courtney et al. (2012). We go further and consider 
these Antipodean arguments to be in the realm of fantasy (Goff et al. 2003); our exami-
nation of the common slab imbrication and other features at Jervis Bay in eastern Aus-
tralia suggests a multiple storm, not a tsunami, origin for the fields of flipped boulders 
(e.g., Thomas and Schmidt 2018).

Tsunamis are also associated with volcanic flank collapse, volcanic landslides, lateral 
surges, and explosions, including the Canary Islands, Santorini, Krakatoa, and Hawaii. 
Flank collapse of Pico de Fogo, 75,000 bp, in the Cape Verde Islands probably caused 
a mega-tsunami that yielded a 270  m run-up, which transported boulders up to 400 
tonnes (Ramalho et al. 2015). Pyroclastic flows and derivative volcaniclastic turbidites 
resulting from powerful, fast, superheated lateral surges, staying on land from Mt. St. 
Helens but flowing into the sea from Soufriere (Mattioli et  al. 2007) add momentum 
to generate tsunamis and carry volcanic boulders for tens of km. The Hawaiian 120 Ka 
mega-tsunami was most likely generated by a flank collapse of Mauna Loa with run-ups 
of over 400 m when sea level was 290 m lower than present, with chaotic deposits of 
lava boulders, soil, and coral fragments cemented by coralline sand (McMurtry et  al. 
2004; Noormets et  al. 2004). In the Ryukyu Islands, Japan, tsunami run-up deposited 
at least one 2500 t “tsunami-ishi” meso-boulder 50  m inland on top of 12.5  m high 
cliff with smaller ones farther inland at higher elevations (Goto et al. 2010). In western 
Crete, boulder fields have 75 t blocks (Scheffers and Kelletat 2003); the 1,500 BC erup-
tion of Santorini (Thera) may have been the cause although there is evidence for strong 
tsunami action from 1530 to 1821 AD (Boulton and Whitworth 2018). In Tonga, sub-
rounded meso-boulders of coral-reef carbonate (dated from 120 to 130 Ka), the largest 
15 * 11 * 9 m and 1600 tonnes, were transported, probably rolled, by 19–44 m waves up 
to 400 m from the shoreline. These were most likely emplaced by a tsunami generated 
by local volcanic flank collapse and/or submarine land sliding around 7 Ka (Frohlich 
et al. 2009). During the 1883 eruption of Krakatoa, a 36 m tsunami displaced a 317  m3 
meso-boulder of coral limestone 100 m inland (Simkin and Fisk 1983). In 1958, at the 
eastern end of Lituya Bay, a narrow-mouthed inlet of the Gulf of Alaska, a 31 ×  106  m3 
rock mass fell 800 m into the Bay generating a massive seiche (Miller 1960; Fritz et al. 
2009) with a vegetation-stripping trim-line run-up of 524 m and a gravity wave trave-
ling out of the Bay at up to 130 mph (209 kph).
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Tsunamis/seiches also occur in lakes, e.g., Lake Tahoe in the East California transten-
sional zone where the Holocene 10  km3 McKinny Bay slide mass, probably generated by a 
4 m slip on the West Tahoe Fault, caused a powerful lacustrine tsunami with 8 m run ups 
re-depositing glacial boulders in 2 m ridges and transporting others of up to about 1 m as 
far as 15 km from the western shelf (Ichinose et al. 2000; Moore et al. 2006).

2.2  Storm, hurricane, tropical storm, cyclone–typhoon, rogue, freak waves

Wave height is determined by wind speed, fetch and duration. Storm waves typically occur 
as a wave field or train with an average height of 3.5 m, a general maximum height of 6 m, 
and a 60–80 m wavelength with a 10 s period. More powerful, long-fetch (reach) waves, 
such as graybeards and Cape Horn Rollers may be up to 60 m high. Hurricane-induced 
waves commonly have heights of 18 m but those of Hurricane Ivan were up to 30 m high in 
wave fields of 18 m waves (Wang et al. 2005). The 1899 tropical super-cyclone Mahina in 
northern Australia generated a 13 m storm surge that carried macerated debris up to 5 km 
inland (Nott et al. 2014). Rogue, freak, or extreme storm waves, greater than twice average 
wave height and generated by cumulative wave interference and addition, such as the 1995 
Draupner wave in the North Sea, may achieve heights of 30 m with a momentum breaking-
force of 100t/m2 (140 psi) (Adcock et al 2011), sufficient to destroy large ships and move 
100 t boulders. In 1861, a > 67  m wave overtopped a 60  m cliff and 7  m lighthouse on 
Eagle Island north of Annagh Head in Co. Mayo, western Ireland (Fig. 2), and, in 1985, a 
47 m wave struck the Fastnet lighthouse, 6.5 km off Mizen Head in southwest County Cork 
in southwest Ireland (O’Brien et al. 2013). In January 1607, a massive wave surged up the 
Bristol Channel narrowing and rising to 18 m and flooding over 500 km2 along 300 km of 
coastline; it transported 50 t boulders and killed more than 2000 people.

Numerous storm deposits have been identified in the northeast Atlantic region (e.g., 
Williams and Hall 2004; Hall et al. 2006; Cox et al. 2012; 2018; Dewey and Ryan 2017; 
Suanez et al. 2009). These occur in several forms: cliff top boulder deposits where over-
hanging slabs near the tops of cliff have been flipped and washed back to form a boulder 
ridge or berm (Barbano et al. 2010); boulder ridges formed from plucked boulders which 
are often imbricated on wave-cut rock cut platforms; and isolated boulders on such plat-
forms. Maximum clast sizes exceed 500 tonnes in the Aran Islands (Cox et al. 2018; Cox 
2020) and direct observation shows that meso-boulders have been moved by recent storms. 
Such deposits, although restricted to exposed locations, extend over 100 kms along the 
oceanic shoreline in a region exposed to severe winter storms (Fig. 2c, d).

2.3  Mudslides and flows

Mudslides and mudflows such as those in the White Mountains, California, where heavy 
intermittent thunderstorms create flash floods and sediment slurries containing boulders 
weighing up to 8,000 tonnes flowing from canyon mouths and down alluvial fans. The 
subsequent wind and water winnowing of the finer grained-matrix leads to boulder ridges 
forming on the fan surfaces. Boulder sizes here are related to rock type; meso-boulders 
are mostly granitoids because of the wide joint spacing whereas the smaller boulders are 
derived from the intensely jointed sedimentary and metamorphic rocks (Beaty 1989). 
Another more common mode of mudslide is caused by heavy rainfall onto steep slopes. 
There are numerous examples but in recent times these include the 2014 Oso mudslide 
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where a glacial till overlying porous sand and mudstone led to the liquefaction of the mud-
stone and a consequent 60 kph mudflow containing rafted sandstone blocks that covered 
2.6  km2 (Stark et  al. 2017). An equally complex mudslide was the compound landslide 

a b

c

Fig. 2  a Map of the western coast of Ireland showing the locations of cliff top storm boulder deposits. Lines 
of latitude and longitude are shown, as is the location of Fig. 4. Closed stars mark locations where it has 
been argued these deposits are of storm origin (Aran Islands: Williams and Hall 2004, Cox et  al. 2012, 
2018 and Annagh Head: Dewey and Ryan 2017). Open stars mark locations identified from satellite pho-
tographs where ridges containing boulders greater than 2 m in intermediate dimension form on rocky fore-
shores at least 30 m from the median shoreline. b Maximum recorded gusts at the Belmullet weather sta-
tion. Source: Éireann (2019) by month for the period 1981–2010. The highest wind speeds recorded were 
172 kph (~ 93 kt) on 9th February 1988 at Belmullet and 182 kph (~ 98 kt) at Foynes Airport 18th January 
1945. c The Belmullet wind rose 1954–2014. Source Éireann (2019)
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disaster of April 1st, 2017 in Mocoa, southern Colombia, that was in the form of an “ava-
lanche” of a dilute fast-moving, flood-water-generated mudflow (locally known as Huacos) 
that transported boulders up to 50 t (Cheng et al. 2018). The occurrence of mudslides in 
alternating beds of soft sandstone, mudstone or shale is quite common and in tectonically 
active areas this can lead to repeated failures caused not only by heavy rains but also seis-
mic activity. The Tsaoling landslide, one of the largest landslide areas in Taiwan, has been 
affected by six catastrophic failures since 1862 with the last caused by the 1999 Chi-Chi 
earthquake (Chigira et al. 2003). The earthquake triggered some 9727 landslides in total 
(Liao 2000) of which the Tsaoling landslide displaced some 125 ×  106  m3 of rock including 
meso-boulders as large as 10 m in diameter (Chigira et al. 2003; Hung 2000).

2.4  Flash floods in steep river valleys

Following heavy rains of tropical intensity over a large catchment feeding into narrow, 
steep river valleys, 50 t boulders may be carried, and disgorged onto steep rocky coast 
deltas (see, for example, Archer and Fowler 2018). This occurred at Glenridding in Cum-
bria in 2015, on the north Cornish coast at Boscastle in 2004, and north Devon coast at 
Lynmouth in 1952 where dams of fallen logs broke to send catastrophic walls of water 
down the Lyn Valley. Breaching of natural dams created by landslides caused flash floods 
in the Alaknanda and Bhagirathi valleys, Uttarakhand Himalaya, in 1894 and 1970, the lat-
ter leading to the loss of around 4000 lives (Rana et al. 2013). In the USA, large flash flood 
deposits in the Colorado Front Range can contain boulders with intermediate dimensions 
up to 3.29 m (Costa 1983). A combination of an earthquake in 1941 and heavy rain in 1942 
formed a boulder-rich dam in the Ching-Shui river, Taiwan, 140–200 m high and 4800 m 
at its base. The dam breach catastrophically in 1951 transporting a boulder-strewn slurry 
downstream and resulting in 137 deaths (Hung et al. 2002).

2.5  Waterspouts

In New Zealand waterspouts have moved boulders measuring over 2 m long at least 60 m 
above sea level in prehistory, mimicking similar historical events that have seen similar 
sized boulders carried over 45 m above sea level (Fig. 3). While these tend to be deposited 
in a broad swath across hillsides, multiple events over time can produce high elevation 
boulder fields (Goff et al. 2016).

2.6  Catastrophic flooding of areas below sea level

There are forty two extant areas below interconnected global sea level on the continents 
formed by a variety of causes including stretching (Dead Sea, Death Valley), flexural load-
ing by thrusts (Turfan Depression), and wind ablation (small Saharan depressions). Rapid 
sea-level rise and the destruction of barriers suggest the possibility of “in-burst” floods. 
Evaporation of constricted seas and oceans such as the Mediterranean during the late Mio-
cene (Garcia-Castellanos et al. 2009), and the South Atlantic during the early Cretaceous 
(Burke and Sengör 1988) led to catastrophic flooding of these ocean basins and the trans-
port of clastic detritus including boulder beds emanating from canyon mouths generated 
during the evaporative drawdown.
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2.7  Gravity collapse of cliffs by toppling

Gravity collapse of cliffs by toppling (Violante 2009) or numerous forms of land sliding 
(Iadanza et al. 2009) is a common phenomenon on rocky shorelines and can cause boulder 
deposition or re-deposition. However, it can be problematic distinguishing such boulders 
from those formed by tsunami or storm plucking. When such boulders are new and fresh, 
they are angular but become progressively rounded with age if they remain at the base of 
the cliff. In high-latitude regions subjected to recent glaciation, the wave erosion of cliffed 
boulder clay deposits can lead to boulder fields, even in regions of low wave energy (McG-
real 1979; Dawson and Stewart 2008). For example, boulder fields containing clasts of 
B > 2.0 m can be found in “ghost”-eroded drumlins along the north shore of Galway Bay, 
some 55 km from the open ocean (Fig. 4).

Fig. 3  a, b Korapuke Island, New Zealand. Boulders from a deposit 60–80  m above sea level. Boulders 
were sourced from the shore platform, with evidence of a wave cut notch visible on the right hand side of 
the boulder and gastropod borehole indicated in a After Goff et al. (2016)
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2.8  Tidal Bores

Long gradually constricting river mouths, estuaries, and funnel-shaped bays, such as the 
Bay of Fundy and the Severn/upper Bristol Channel, commonly channel fast tidal bores 
with run-ups as high as 15 m, which are capable, episodically, of moving small boulders. 
This phenomenon occurs in over 400 estuaries globally (Chanson 2012). Estuaries with 
hypertidal bores generally contain mud to gravel (Archer 2013) but flow velocities of up to 
5.5 m/s may rework boulders introduced by ice-rafting or other mechanisms.

2.9  Channeled swells

West of Praio do Norte, Nazaré, western Portugal, a deep-water canyon, running to the 
shore, channels and enhances Atlantic swells to 27 m waves (Cunha and Gouveia 2015). 
The canyon was subject to higher energy processes in pre-Holocene times which led to the 
transport of boulders in excess of “1 m across” (Tyler et al. 2009).

2.10  Ice‑related transport

Ice-related transport includes avalanching of hanging glaciers, ice rafting, glacial outbursts 
(Jökulhaups), and the development of glacial strain-induced boulder ridges (Darwin’s 

Fig. 4  Line drawing of boulder fields “ghosting” eroded drumlins in the Silver Strand area of Galway City 
based upon satellite images
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boulders; Evenson et al. 2009). Major prehistoric glacial outbursts such as the catastrophic 
draining of Glacial Lake Missoula (GLM), in western Montana, USA, can cause wide-
spread flooding, instantaneous erosion and the deposition of huge volumes of sediment. 
In the case of GLM, this includes the deposition of boulder-sized clasts and larger in west-
ern Washington some 700 km to the west (Bretz 1925). The mechanisms of transport and 
deposition for ice rafted boulders may be masked by subsequent reworking. Whilst char-
acterized by erratic lithologies, identification of original mechanisms may require careful 
analysis (for example, Evenson et al. 2009).

2.11  Dry boulder avalanches

Dry boulder avalanches are commonly funneled down steep gorges, where bouncing boul-
ders derive kinetic energy from mutual collisions with consequent low-friction boulder 
slides but with sufficiently energetic collision to cause local flash melting (De Blasio et al. 
2008) and boulder splitting. Debris volumes are typically up to  106  m3 with anomalously 
long runouts, such as the 1881 Elm, Switzerland (Conway 1900, pp. 178–184) and 1903 
Frank, Canada (McConnell and Brock 1904) boulder slides. These sturz-strom phenomena 
have been termed dry acoustic fluidization avalanches (Melosh 1987).

2.12  Sailing stones

At Racetrack Playa, Death Valley National Park, USA, there has been considerable debate 
through the years concerning the apparent “sailing” of numerous angular boulders up to 
320 kg that have tumbled onto the playa surface. These rocks leave rock-carved trails along 
the occasionally flooded lake bed some 1130 m above sea-level. Recent research (Lorenz 
et al. 2011) indicates that when this apparent “sailing” occurs when the moderately weak 
winds blow on the rocks and floats them off the soft bed on small rafts of ice. Transport 
distances of up to 150 m have been measured for this process that has also been noted to 
occur on arctic tidal beaches where the boulders terminate inland to form boulder barri-
cades (Lorenz et al. 2011).

2.13  Mega rock flows

The mega rock flows of the dry western margin of the Andes may be, in an area with lit-
tle or no fluvial drainage, the principal catastrophic mechanism for transporting sediment 
including meso-boulders from the Andes to the Peru Chile Trench. In 1970, a flow was 
generated by the collapse of a rock cliff onto the head of a glacier, generating a lethal com-
bination of shaved ice, comminuted rock and compressed air, which flowed down the gla-
cier to emerge onto the seaward sloping plain and to travel at speeds of 280–335 kph dis-
tributing clastic detritus and angular boulders weighing several tonnes (Plafker et al. 1971).

2.14  Man‑made dam collapse

In 1928, the St. Francis Dam, a curved concrete structure in the southwest Sierra Nevada, 
California, failed resulting in the instantaneous release of 1.4 ×  109 gallons of water in a 
34 m wall that flowed down the Santa Clarita Valley to discharge into the Pacific at Ventura 
80 km from the Dam (Waltham 2018). Masses of sediment, boulders and segments of the 
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dam, cars, destroyed buildings, and 450 bodies were swept to the coast. One 9000 t block 
was transported for over a kilometer. Dam collapse and the catastrophic draining of Lake 
Berryessa and Lake Oroville in northern California (White et al. 2019) have catastrophic 
potential, whereas the 1963 Vajont Dam collapse in Italy (Kilburn and Petley 2003) and 
perhaps two of the most famous dam collapses of World War 2—The Mohne and Eder—
destroyed by the allied “bouncing bomb,” are similar examples of boulder transport.

3  Mechanisms capable of producing shore parallel boulder deposits

Tsunamis, storms (including extreme marine inundation events), waterspouts, cliff 
retreat and catastrophic flooding below sea level all have the capability of producing 
extensive, commonly shore-parallel boulder deposits (Table  1), which may contain 
meso-boulders. These produce significant “replication” (Goff et al. 2012,2016) of con-
tinuous or discontinuous deposits along tens, if not hundreds, of kilometers of shoreline. 
There has been considerable discussion about how tsunami and storm generated depos-
its, which can cover entire coastlines, can be distinguished (e.g., Nott 2003; Atwater 
et al. 2012; Richmond et al. 2011; Goff et al. 2012; Spiske et al. 2020, and references 
therein). The limited amount of research on waterspout deposits means that the potential 
nature and extent of these sediments is still poorly understood (Goff et al. 2016). Cliff 
retreat is related to a specific geomorphology and should, therefore, be easily identifi-
able. Catastrophic flooding is of short duration, measured in months or years (Garcia-
Castellanos et al. 2009), and the resultant deposits are rapidly inundated by the rising 
sea. The two most common transport mechanisms which should be investigated are 
therefore tsunamis and storm waves.

4  Tsunami versus storm deposits

Initial debate often focused on the mass of the largest boulders or other megaclastic 
rocks. However, recent studies and model simulations (e.g., Dewey and Ryan 2017; 
Goff et al. 2018; Watanabe et al. 2019; Cox et al. 2020) suggest that this alone is not 
a sufficient criterion. It is also impossible, now, to distinguish such deposits based on 
cumulative histograms of size (Dewey and Ryan 2017) or shape factor which is prob-
ably controlled more by bedrock jointing or reef morphology than transport mechanism. 
We discuss below several criteria that may be useful in distinguishing such deposits.

4.1  Inland distribution

One of the more compelling examples of a study comparing storm and tsunami depos-
ited boulders and meso-boulders is from Japan (Goto et  al. 2010). On the Ryukyu 
Islands, an archipelago affected by typhoons and tsunamis over recent centuries, there 
are numerous megaclastic rocks deposited on the fringing reef and on land. In a study 
of 626 boulders and meso-boulders two distinct groups were found—on the reef crest 
and along the shoreline. On the reef, storm boulders up to 47 t originating from the 
reef slope and reef crest were deposited 50–240 m from the reef edge and fined inland. 
Landward of a 100 + m gap in deposited boulders was the second group comprising 
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abundant coral boulders and meso-boulders weighing up to 216 t scattered randomly 
along the shoreline, 390–1290 m from the reef edge. These were far beyond the trans-
port limit of boulders by storm waves. They originated from the 1771 Meiwa Tsunami. 
Such sites offer us a glimpse at possible solutions to differentiating between storm and 
tsunami-lain megaclastic rocks.

4.2  Inland fining

Another approach is to study the variation in flow velocity along the profile. It would be 
expected that tsunamis with flow velocities capable of moving boulders or larger clasts 
would not show a noticeable decrease in velocity over a short (10  s–100  s  m) profile 
along a flat shoreline. However, this is not always the case with little to no discernible 
fining inland reported in some instances such as at Lhok Nga, Indonesia, following the 
2004 Indian Ocean tsunami where clast-to-clast interactions at the inception of trans-
port greatly affected transport distance (Nandasena et al. 2011b). A similar effect was 
most likely also responsible for the palaeotsunami boulder field found at Okawa Point, 
Chatham Is, New Zealand (Goff et  al. 2018). Storm deposits should, because of the 
decrease in flow velocity of a breaking wave (Sunamura 1985; Noormets et al. 2004), 
show a noticeable decrease along similar sections. Figure 5 shows the variation in mini-
mum flow velocities with distance from the shoreline, derived using the equations of 
Nandasena et al. (2011a, 2013; “Appendix 2”), required to initiate boulder transport by 
lifting, rolling or sliding for two boulder deposits. The first at Annagh Head, County 
Mayo, Ireland interpreted as the result of storm action (Dewey and Ryan 2017) and the 
second, along the east shore of Sicily, a consequence of both tsunami and storm action 
(Barbano et al. 2010). The Annagh Head deposit shows a decrease in minimum required 
velocities for all three modes of transport with distance (Fig. 5a), whereas that of Sicily 
shows a remarkable consistency, particularly for the minimum flow velocity to initiate 
lifting (Fig. 5b). Also, the two rose diagrams showing the trend of the longest boulder 
axis (Fig. 5c, d) show a stronger alignment in the Annagh Head storm deposits, which 
would be expected if the beach was modified by multiple storms on the same vector 
(Fig. 2c, d). Care must be exercised in making this comparison because sampling meth-
ods were not standardized, for example the Irish data are from a longer controlled pro-
file at one location (see Dewey and Ryan 2017 for details), whereas that of Sicily was 
across three locations.

4.3  Location and extent of sites along shoreline

Watanabe et  al. (2019) argue that as storm waves have periods of 10  s of seconds their 
hydraulic force is rapidly attenuated inland. Accumulations of storm transported boulders 
in a cliff-top setting require that the site is subject to either many storm waves in one event 
or frequent repeated storms. The longer period tsunamis are subject to less dissipation of 
hydraulic force inland, leading to the distribution of boulders at a wide variety of locations 
irrespective of their size (e.g., Goto et al. 2010). Dewey and Ryan (2017) show the cliff-top 
storm deposit at Annagh Head, North Mayo, is localized having an aerial distribution of 
120 m × 180 m in spite of being in a region of frequent storms (Fig. 2b, c). They contrast 
this with the Lower Miocene tsunamite of the Matheson Formation, New Zealand, which 
covers some 80,000 m × 5800 m.
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4.4  Geology of deposit

Table 2, based on Goff et al. (2012; Table 1) and Dewey and Ryan (2017; Table 2) com-
pares the principal characteristics of coarse grained tsunami deposits with those of a large 
storm such as those from northeast Atlantic storms, and other mechanisms. The combined 
wave energy associated with storms and many tsunamis can be similar (Montoya and 
Lynett 2018) so that distinguishing between these two types of deposit depends more on 
those aspects of their internal structure that reflect the wave period (Table 2). The principal 
geological features that distinguish such deposits are that tsunami deposits have generally 
poorer sorting, structures that reflect several inundations and imbrication caused by both 
run-up and backwash. NE Atlantic storm deposits rest on a wave-cut rocky platform, show 
imbrication associated with run-up and fine rapidly inland, if at all. Both deposits can have 
lateral extents of over 100 km. Storm deposits have been recorded on cliff tops at heights of 
up to around 30 m (Williams and Hall 2004) and inland for 400 m (Dewey and Ryan 2017). 

a b

dc

Fig. 5  Plots showing the minimum flow velocity required to initiate transport by lifting (light blue), roll-
ing (red) and sliding (dark blue) of boulders from a Annagh Head and b Sicily. The base of each column 
marks the minimum velocity required to initiate that mode of transport. The plots are arranged in increasing 
distance from the shoreline from left to right, the actual range of distances is plotted on the abscissa. Rose 
diagrams (180°) showing the orientation of the long axis of each boulder are plotted for c Annagh Head and 
d Sicily. Data for Annagh Head was from Dewey and Ryan (2017; Table S3) and for Sicily from Barbano 
et  al. (2010; Table  S3). The requisite flow velocities required for each mode of transport was calculated 
using the equations Nandasena et al. (2011a, 2013; Appendix 2). The method is fully described in Terry 
et al. (2018)
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Deposits associated with major tsunamis extend much further inland and cover higher 
topography; however, the extent of the deposit cannot be used to distinguish less-extreme 
events from storm deposits. Biological debris can include continuous shell layers, perhaps 
nearer the top of the sequence in tsunami deposits. In storm deposits, shell material tends 
to occur only as interstitial material in the inland portion of the deposit. Archaeological 
sites can be buried by tsunamis but are eroded by storm wave action. Geomorphologically, 
tsunamis may be locally focused but inundate whole shorelines, whereas storm deposits are 
restricted, mainly, to exposed rocky headlands. Storm deposits are necessarily the result 
of multiple events with their geology being most affected by extreme events (e.g., Dewey 
and Ryan 2017). Exposed coasts may be subject to both storm and tsunami deposits. The 
greater transport power of tsunamis is likely to overwhelm the structure of earlier storm 
deposits, whilst later storm deposits may modify that portion of a tsunami adjacent to the 
shoreline.

5  Similarities and differences

It is evident that tsunamis and storms often have similar characteristics, be this in boulder 
mass, extent inland, fining inland, or geology. While the deposits may initially appear simi-
lar, there are invariably some differences either associated with the boulder deposits and/
or with the nature of the depositional environment and/or associated finer sediments if pre-
sent. They key to differentiating between tsunami and storm deposits lies in a comprehen-
sive analysis of all available data. Inevitably, there are rare instances where it is impossible 
to determine whether boulders were laid down by a storm or a tsunami. This is invariably 
due to insufficient data (e.g., Chatham Island: Goff et al. 2018), but in such cases it is worth 
noting that while differentiating between the two processes is impossible, the coastline in 
question has experienced a significant high energy marine inundation.

6  Conclusions

We have identified 14 mechanisms, five of which: tsunami; storms; waterspouts, cliff 
collapse; and catastrophic flooding below sea level, may produce deposits stretching for 
significant distances along shorelines. The latter three mechanisms should be identifi-
able through field or remote mapping. The distinction of boulder deposits resulting from 
tsunami(s) or storm(s), both of which may occur in the same location, is less clear. We 
argue that features such as size, mass, along shore extent and clast shape are not uniquely 
characteristic of either type of deposit. Rather, a wide variety of parameters, which reflect 
the period and the frequency of the transporting waves, need to be taken into account.

Appendix 1

Relationships between mass, intermediate axis length and shape factor.
The shape factor (k) is defined as:

(i) k =
A/B

B/C
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 where A, B and C represent the maximum, intermediate and minimum dimensions in 
meters respectively (Flinn 1962).

The mass (m) of a rectangular cuboid clast in kg is given by:

or for an ellipsoid

where m = kg  m−3.
Rearranging we have:

or

For the Zingg plot (1935) where the abscissa is C/B and the ordinate B/A the minimum 
mass (mm) for a boulder of a given shape (B = 0.25 m) or megaclast (B = 4.1 m) we can 
rearrange (ii) and (iii) as follows:

Figure  1 plots the minimum mass for cuboid boulders of different shape factors where 
B = 0.25 m and ρ = 2600 kg  m−3.

Appendix 2

Equations relating mode of transport to flow velocity derived from boulder geometry and 
mass after Nandasena et al. (2011a, 2013).

Sliding mode of transport:

Rolling mode of transport:

Lifting mode of transport:

(ii) m = ABC�

(iii) m = �/6ABC�

(iv) B3 =
m

�k
(cuboid)

(v) B3 =
m

�k
�/6 (ellipsoid)

(vi) mm =
B

(B/A)
B(C/B)B� (cuboid)

(vii) mm =
B

(B/A)
B(C/B)B��/6 (ellipsoid)

U2
≥

2
(

�s/�w − 1
)

gC[� cos (�) + sin (�)]

Cd(C/B) + �Cl

U2
≥

2
(

�s/�w − 1
)

gC[cos (�) + (C/B) sin (�)]

Cd

(

C2/B2
)

+ Cl
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where B = intermediate axis length (m); C = shortest axis length (m); Cd = coefficient of 
drag = 2.0; Cl = Coefficient of lift = 0.178; g = gravitational acceleration = 9.81  m   s−2; 
μ = coefficient of static friction = 0.7; ρs = density of boulder = 2600 kg  m−3; ρw = density of 
sea water = 1024 kg  m−3; Θ = angle of slope = 2°.

The above values were used in constructing Fig. 5. Note that the range of bed slope in 
both locations was from 1.0° to 3.8°. However, as specific values were not attributed to 
each boulder, a value of 2° was used throughout.
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