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ARTICLE INFO ABSTRACT

Editor: Shu Gao Coastal boulder deposits, observed worldwide, provide geomorphological evidence of extreme wave events such
as storms, hurricanes and tsunamis. Theoretical formulations have been developed for determining hydrody-

Keywords: namic conditions responsible for boulder emplacement on the shore, which increasingly make use of boulder

Coastal boulder deposits geometry and associated site geomorphology. Nevertheless, information on extreme events responsible for the

Hydrodynamic equations

Minimum flow velocity

Maximum orbital velocity

Structure from-motion-photogrammetry

emplacement of coastal boulders is rarely available, meaning there has been limited opportunity to test existing
formulations in the light of real hydrodynamic and geomorphic data. In this study, we take advantage of the
important record of coastal boulder deposits on Cuba Island to compare the hydrodynamic parameters (minimum
flow velocity) deduced from the boulders’ morphology and emplacement characteristics, with hydrodynamic
conditions (maximum wave height and orbital velocity) that occurred during the tropical cyclones responsible
for the boulders’ actual emplacement. We selected four sites where three hurricanes have emplaced five boulders
on low-lying coral reef terraces over the last 50 years. Using terrestrial Structure-from-Motion photogrammetry,
we determined with precision the boulders’ shape and volume, which in combination with density, mode of
emplacement and distance from the shore, were used to calculate the minimum flow velocity responsible for
dislocation of the coral reef terrace and inland transport. To serve as comparisons, available modelled data of
wave height and period were used to estimate the maximum orbital velocity that possibly occurred during the
weather event using linear wave theory. Our results show that for all boulders studied except one, there is a good
agreement between the values of minimum flow and maximal orbital velocities, with minimum flow velocities
for boulder emplacement consistently smaller than the maximum wave orbital velocity during the weather event.
The difference observed for one boulder is attributed to specific site effects, highlighting in this case the limi-
tation of using distant hydrometeorological data for characterizing wave processes responsible for coastal
boulder deposits. Helped by detailed data collected on boulders with large differences in morphology including
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size, and mode of emplacement, this study confirms the pertinence of using formulations relating boulder
morphology and site characteristics to the minimum flow velocity that detached and transported the boulder. It
further emphasizes the importance of obtaining adequate boulder and geomorphic setting characterizations to
link geomorphological proxies and extreme wave events.

1. Introduction

Coastal boulder deposits (CBDs) are some of the most striking
geomorphic evidence of extreme coastal flooding (Williams and Hall,
2004; Scicchitano et al., 2007; Goto et al., 2010; Terry et al., 2013) and
as such they are commonly used to infer the magnitude of marine
inundation events over long timescales (Etienne et al., 2011; Engel and
May, 2012). CBDs have been studied in many coastal areas worldwide
(e.g., Noormets et al., 2004; Hall et al., 2006; Salzmann and Green,
2012; Yu et al., 2012; Araoka et al., 2013; Shah-Hosseini et al., 2016;
Terry et al., 2016; Pedoja et al., 2023; Bourman et al., 2023) and are
considered significant geomorphological features in coastal hazard
analysis (e.g., Moore and Moore, 1984; Mastronuzzi and Sanso, 2000;
Kelletat and Schellmann, 2002; Rubin et al., 2000; Scheffers and Kel-
letat, 2003; Matsukura et al., 2007; Hansom et al., 2008; Frohlich et al.,
2009; Goto et al., 2009; Bourgeois and Mac Innes, 2010; May et al.,
2010; Regnauld et al., 2010; Paris et al., 2011; May et al., 2015).

Since the seminal work of Young et al. (1996) and Nott (1997, 2003a,
2003b) theoretical equations based on the boulder morphology have
been proposed to estimate the required wave height to initiate boulder
movement. In addition, several studies used the Nott’s equations to
determine the origin, either storm or tsunami, of boulders emplacement
(e.g., Scheffers and Kelletat, 2006; Bryant and Haslett, 2007; Mas-
tronuzzi et al., 2007; Scheffers et al., 2008). However, using these
equations, large boulders tend to be inaccurately associated with
tsunami waves while small boulders are usually associated with storm
waves (e.g., Morton et al., 2006, 2008; Kelletat, 2008; Paris et al., 2010;
Switzer and Burston, 2010). As a result, the hydrodynamical equations
of Nott’s have been improved through time (e.g., Pignatelli et al., 2009;
Barbano et al., 2010; Benner et al., 2010; Nandasena et al., 2011a,
2011b; Mottershead et al., 2014; Gandhi et al., 2017), but their perti-
nence for CBDs analysis is still matter of discussion in the scientific
literature (e.g., Cox et al., 2018, 2020; Scicchitano et al., 2020, 2021;
Nandasena et al., 2022). Indeed, when early work focused on wave
height estimates, recent studies suggest estimating the minimum flow
velocity required for boulder entrainment, hence refraining from esti-
mating the resulting wave heights during the event (Nandasena et al.,
2013, 2022) due to a lack of empirical research on the wave heights
responsible for the siting of the boulders.

Using novel hydrodynamic equations of incipient motion, precise
determination of boulder metrics such as volume, density, mass, dis-
tance from the coast, and elevation, has been shown critical to infer the
mode of emplacement and obtaining reliable results on the minimum
flow velocity. Boulder volume estimation can be realized in different
ways. Some studies estimated volume by measuring the three maximum
boulder axes, with results more or less precise depending on boulder
geometry (Suanez et al., 2009; Barbano et al., 2010; Pepe et al., 2018;
Khalfaoui et al., 2024), while other studies use close-range remote-
sensing techniques such as terrestrial laser scanning (Schneider et al.,
2019) and photogrammetry (e.g., Boulton and Whitworth, 2018; Nagle-
McNaughton and Cox, 2019; Boesl et al., 2020; Sedrati et al., 2022;
Pedoja et al., 2023). Volume estimation with remote sensing and
photogrammetry, although highly precise, involve a significant financial
cost. It is still questionable, however, to what extent the precise deter-
mination of boulder volume is fundamental for inferring the hydrody-
namic conditions responsible for boulder emplacement. We believe the
main reason is the scarcity of geomorphic and wave data for assessing
boulder emplacement conditions.

Here, we present, the analysis of five boulders emplaced by three

recent hurricanes along the Cuban Archipelago (Fig. 1), where CBDs are
named huracanolitos (e.g., Iturralde-Vinent, 2017; Pedoja et al., 2023).
More specifically, we focused on reconciling theoretical approaches
using boulder morphology and its geomorphic setting with the hydro-
dynamic conditions that caused the emplacement of the boulders. In
order to estimate the volume of CBDs, we adapted a structure-from-
motion (SfM) photogrammetry workflow. Using the most recent hy-
drodynamic equations, we then calculated the minimum flow velocity
responsible for the boulder’s inland transport. To quantitatively assess
the pertinence of these equations, and to evaluate the impact of boul-
ders’ volume on the results, we compared the calculated minimum flow
velocity with the maximum orbital velocities that occurred during
recent associated hurricanes based on archived data models using
WAVEWATCH III® and linear wave theory.

2. Settings
2.1. Geodynamic and hydrodynamic setting of Cuba Archipelago

The archipelago of Cuba is located on the North American plate at its
southern boundary with the Caribbean plate (Cotilla Rodriguez, 2011;
Corbeau et al., 2017; Fig. 1). Along this EW-trending plate boundary
consisting of the Septentrional Oriente Fault Zone and the Enriquillo
Plantain-Garden Fault Zone, the North American plate moves westward
(70-80°N) at a rate of 18-20 + 3 mm.yr’1 (DeMets et al., 2000; Mann
et al., 2002; Calais et al., 2016). The Septentrional Oriente Fault Zone is
most seismic on the island of Cuba and is a potential tsunami generator
(e.g., there is evidence of major earthquakes ranging from 5.0 to 7.2 Mw
between 1766 and 2020; Cotilla Rodriguez, 2014; Authemayou et al.,
2023; Calais et al., 2023).

Wave climatology in Cuba is influenced by a complex combination of
meteorological, oceanographic and geographical factors and is poortly
documented in the literature. Seasonal effects, local weather conditions,
coastal bathymetry and extreme weather events are all factors to be
considered to describe wave climatology in Cuba. On the Cuban island,
tides are mixed and semi-diurnal, with a mean amplitude of 0.5 m (i.e.,
microtidal). Tidal currents are relatively weak around the island (up to
0.5 kn), except at the entrance of bays and ports, where they can reach
speeds of 2 to 4 kn. Modal waves are also generally weak (annual mean
significant wave height is <1.0 m; Reguero et al., 2013). However, wave
height can reach considerable values during the arrival of a cold fronts
or tropical cyclones through the region (Servicio Hidrografico y Geo-
désico de la Reptiblica de Cuba, 2003). The most important climate
changes on this coast are linked to the presence of disturbances in the
tropical circulation, causing the arrival of ocean waves from the east and
tropical storms (INSMET, 2024).

2.2. Tropical cyclones in Cuba island

Tropical cyclones (e.g., tropical depressions, tropical storms and
hurricanes) affect the Cuban archipelago annually from June 1st to
November 30th during Cuba’s cyclonic season, but cyclone occurrence
outside this period have been also documented (Roura-Pérez et al.,
2018; Fernandez-Alvarez et al., 2020). The genesis of tropical cyclones
in the North Atlantic area is divided into six regions, and Cuba experi-
ences cyclones coming from all these regions (Roura-Pérez et al., 2018).
These events are classified internationally according to maximum wind
and minimum pressure, resulting in the hurricane category (Simpson,
1974). According to NOAA (2022a, 2022b), 86 hurricanes made landfall
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on the island of Cuba between 1851 and 2021 (Appendix A). During this
period, 59 hurricanes with category >3 occurred, 32 of which were
category 4 and 5 hurricanes. These events can produce larger waves and
wave breaking closer to the shore than typical coastal storms (Raichlen,
2012).

The five CBDs studied here were deposited by three recent hurricanes
according to local records, verbal witnesses, photographic evidence,
satellite image analyses and past studies: Hurricane Lili in 2002 (cate-
gory 4) that passed through the Cienfuegos area with category 1 and
emplaced the two boulders at site Faro Colorado 1 and Faro Colorado 2;
the 1935 Cuba Hurricane (category 4) that passed through the Cien-
fuegos and Sancti Spiritus area with category 3 for the boulder at El
Capitan; and Hurricane Matthew in 2016 (category 5) that passed
through the Guantdnamo area with category 4 for the boulders at Bate
Bate and Bahia de Boma sites (Fig. 1). We here with provide a brief
description of the three hurricanes.

2.2.1. The 1935 Cuba Hurricane

The 1935 Cuba Hurricane was an intense and destructive tropical
cyclone that caused damage in Cuba in September 1935 (Figs. 1 and 2A).
Information about this hydro-meteorological event is the most limited
due to poor equipment availability at the time. The storm formed from a
tropical depression in the center of the Caribbean Sea on September 23.

5°WW  B4°W  83°W  82°W  81°W  80'W  79°W

o)

O
@)

et

Cuba hurricane, 1935

78°W

Marine Geology 480 (2025) 107438

On September 28, the storm reached major hurricane intensity before
landing on Cuba near Cienfuegos, at 08:00 UTC, as a category 3 hurri-
cane. The large storm surge destroyed low-lying coastal towns, espe-
cially in Cienfuegos province. In Trinidad and Sancti Spiritus regions,
buildings were completely swept away. The hurricane crossed Cuba
with minimal intensity change before reentering the Atlantic Ocean on
September 28. After passing over Cuba, the hurricane intensified and
became category 4. The tide is reported to have risen 4.5 m above
normal at Bimini (Bahamas) destroying nearly half of the island due to
the extreme storm surge (McDonald, 1935).

2.2.2. Hurricane Lili in 2002

Hurricane Lili was a category 4 hurricane originated as a tropical
wave that moved over the tropical Atlantic Ocean from the western
coast of Africa (Figs. 1 and 2B). Resuming its west-northwest trajectory,
Lili became a hurricane on 30 September as it passed over Little Cayman
and Cayman Brac. Lili continued to strengthen and, its winds were near
179 km/h when the center moved over the southwestern tip of the Isla
de la Juventud on the morning of 1 October and over western mainland
Cuba a few hours later. The eye of hurricane Lili passed ~183 km south
of the Cienfuegos province as a category 1 hurricane, gaining in orga-
nization and intensity. Along the Cienfuegos coastline, the hurricane
produced a significant wave height of 2.4 m and associated peak wave
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Fig. 1. Geodynamics of Cuba archipelago and locations of the studied coastal boulders. The paths and categories of the hurricanes that produced the studied
boulder’s emplacement are indicated. Spatial distribution of boulders on the Cuban Island is from Matos-Pupo et al. (2023). Marine terrace sequences have been
drawn according to Penalver et al. (2021). Faults of Cuba island are indicated according to Iturralde-Vinent et al. (2016). PF: Pinar fault, TF: la Trocha Fault, CNF:
Cauto Nipe Fault, NHFZ: North Hispaniola Fault Zone, SOFZ: Septentrional Oriente Fault Zone; EPGFZ: Enriquillo Plantain-Garden Fault Zone; SDB: Santiago
Deformed Belt.
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Fig. 2. Hurricanes that emplaced the studied Cuban CBDs. (A) Surface weather analysis of the 1935 Cuba Hurricane in the Florida Straits on September 28, 1935. (B)
Hurricane Lili satellite image over Cuba on October 1, 2002. (C) Hurricane Matthew image from NOAA’s GOES-East satellite at 7:45 a.m. EDT on October 4, 2016,
within the hour of landfall in western Haiti. Credits from NOAA Digital Central Library (A, B) and NASA/NOAA GOES Project (C).

period of 8.8 s according to Archived Data WAVEWATCH III® Produc-
tion Hindcast (NOAA Environmental Modeling Center, 2023; Fig. 3A).
The hurricane had a storm surge of 2.0-4.0 m in Louisiana (National
Weather Service Forecast Office, 2002). Tide gauges at Crewboat Canal
near Calumet and Vermillion Bay measured a storm tide water height of
3.7 m and 3.5 m, respectively (Pasch et al., 2004; Lawrence, 2011).

2.2.3. Hurricane Matthew in 2016

Formed as a tropical wave on 23 September 2016, category 5 Hur-
ricane Matthew moved westward across the tropical Atlantic Ocean at
speeds from 37 to 46 km/h over the next three days (Figs. 1 and 2C, D).
The eye made landfall on the eastern tip of Cuba, near Juaco, as a major
hurricane (category 4) on 5 October 2016. Cuba’s Institute of Meteo-
rology reported a storm surge of 3.0 m — 4.0 m along the southern coast
of Guantanamo province, affecting the towns of Imfas, San Antonio de
Sur and Maisi (Stewart, 2017). According to WAVEWATCH III® Pro-
duction Hindcast, the hurricane produced a significant wave height of
7.3 m with a period of 11.7 s and a storm surge of 3.0 m - 4.0 m in Bate
Bate region (Fig. 3B; NOAA Environmental Modeling Center, 2023).
Along the northern coastline of the Guantanamo province, storm surge
exceeded 3.5 m along with waves of 4.5 m — 6.0 m high (Stewart, 2017).
On the north coast, specifically in the Baracoa region (Bahia de Boma
site), it produced a significant wave height of 7.4 m with a peak period of
10.7 s and a storm surge of 3.0 m - 4.0 m (Fig. 3C; NOAA Environmental
Modeling Center, 2023).

2.3. Coastal boulder deposits on the Cuban lower coral reef terraces

Cuban coastal boulders are most generally torn from the offshore
platform or sea cliff during extreme wave events and thrown inland (e.
g., [turralde-Vinent, 2017; Matos-Pupo et al., 2023; Fig. 1). Commonly
named huracanolitos in Cuba (e.g., Ninez Jiménez, 1973; Iturralde-
Vinent, 2017; Beltran-Fonseca, 2019; Aguirre Feria et al., 2021; Pedoja

et al., 2023), they are mostly located on the lower Pleistocene marine
and coral reef terraces (Iturralde-Vinent, 2017). The associated unsorted
debris ridges, are known as Camellones de Tormentas (Penalver et al.,
2008; Penalver Hernandez et al., 2009). These consist of fine to medium-
grained sand of carbonate composition containing blocks of limestone
and corals of Jaimanitas Fm. and are frequently placed far from the
inland cliffs by waves.

The first studies of huracanolitos in Cuba were carried out by Niinez
Jiménez (1959, 1982). Recently, Cuban coastal boulder fields and un-
sorted debris ridges were studied, near la Havana (Rojas-Consuegra and
Isaac-Mengana, 2007; Rojas-Consuegra and Isaac-Mengana, 2008;
Rojas-Consuegra et al., 2019), near Trinidad (Rodriguez-Valdés and
Acosta-Rodriguez, 2017; Leon-Brito et al., 2021), in Jardines de la Reina
Archipelago (Matos-Pupo et al., 2018), near Guantanamo Bay (Magaz
and Portela, 2017; Beltran-Fonseca, 2019) and in Santiago Province,
where a coastal boulder of 210 tons was reported (Pedoja et al., 2023).

The largest CBDs reported are found on the southern coast of the
main island (Iturralde-Vinent, 2017; Pedoja et al., 2023). This prefer-
ential location may be related either to the dominant tectonic activity in
this area and its potential tsunamic sources, or because this coastal
stretch is also the most directly impacted by hurricanes (Fig. 1).

3. Methods

In order to study the transport and emplacement of the selected
CBDs, we first analyzed the morphology of the studied site and the
boulder geometry. Specifically, we determined the volume of the boul-
ders using Structure-from-Motion (SfM) photogrammetry and their
density using the water immersion method on samples. These metrics
were used to calculate the minimum flow velocity required for the
emplacement of the CBDs using the hydrodynamic equations of Nan-
dasena et al. (2022). Evaluating the results obtained was performed by
taking the maximum wave orbital velocity that occurred at the studied
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Fig. 3. Wave characteristics (Hs is significant wave height and Tp is peak period) of the hurricanes studied for the study area according to Archived Data
WAVEWATCH II® Production Hindcast (NOAA Environmental Modeling Center, 2023). Wave data for (A) Hurricane Lili in 2002 in the Cienfuegos coastline
(22°00'00.0”N 80°30'00.0”W); (B) Hurricane Matthew in 2016 in the Bate Bate coastline (20°00'00.0”N 74°30'00.0”W); and (C) Hurricane Matthew in 2016 in the
Baracoa coastline (20°30'00.0”N 74°30'00.0”W). Geographic coordinates are provided in WGS84 and correspond to the specific locations where wave measurements

were taken.
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Table 1

Photogrammetry error and target point of the boulders studied in Cuba Island.

RMSE

Standard
deviation

error

Total number of Total error Mean
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point
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site during the responsible wave event as an upper bound, which was
derived from application of the linear wave theory to hindcasted wave
time series at selected nodes (WAVEWATCH-III model data) and depth-
information provided by bathymetric surveys.

3.1. Morphological analysis of the studied sites

The morphological analysis of the coastal area and boulder setting
included topo-bathymetric surveys and detailed descriptions of the
boulder characteristics. Geomorphological characterization involved
the identification of the substrate of the boulders, the presence of fossil
corals heads in normal or inverted growth position and the surface
rugosity of the boulder. Satellite images (Landsat and WorldView) were
interpreted to analyze the study area before and after the hurricane’s
passage. The topographic and bathymetric data were acquired using a
real-time kinematic differential Global Positioning System (RTK DGPS
model Topcon HiPer V) onshore and a Deeper Smart sonar Pro-+2
(Deepersonar, 2024) offshore.

3.2. Boulder characteristics: SfM photogrammetry, volume and density
determination

To generate a 3D-scaled SfM point cloud of each studied boulder, we
adapted an easy SfM workflow using Agisoft Metashape software
(version 1.7.2). We surveyed each CBD obtaining pictures between 0.5
m - 3 m distance from the boulder and also climbing on the boulder to
maximize the diversity of picture angles. The survey was carried over a
time-lapse of ~30 min and under cloudy conditions to avoid shadows
created by direct sunlight (Gienko and Terry, 2014). A 12 megapixels,
Panasonic Lumix DMC GM5, with a focal length of 12 mm, 4592 x 2584
resolution image and a pixel size of 3.79 x 3.79 pm, was used to capture
pictures.

For scaling SfM results and assessing the quality of measurements,
we used six wooden balls as photogrammetric targets (Table 1) as in
Pedoja et al. (2023). The diameter of the balls is 30 4+ 0.2 x 103 m, as
verified by repeated caliper measurements. We complemented these
targets with two 70 x 10 cm wooden scales (Table 1). All these targets
were used as reference scale bars to correct the spherical distortion
inherent to the camera optics and perform an auto-calibration. We
further used these targets to check possible distortion after post-
processing and the generation of the resulting 3D model. In order to
create a point cloud and a solid volume, we followed the software
workflow: we first aligned the images to identify tiepoints, which were
then used in bundle adjustment to compute the 3D dense clouds in a
second step (Table 1). Following the method of James et al. (2019) we
determined the total error of the point cloud on control scale bars, and
reported the mean, standard deviation of error and the RMSE (Table 1)
as measurement quality metrics. Finally, the dense point cloud was
converted to a 3D solid using the software Cloud-Compare®. To account
for uncertainties in the resulting 3D solid (e.g., due to the point cloud
density), we conducted a sensitivity test by resampling point clouds
using different values of minimum distance between points, followed by
point cloud meshing and volume estimation.

The 3D model was used to determine the morphology and morpho-
metric characteristics of the boulders. The boulder dimensions were
determined by projecting the 3D model onto 2D sections. We measured
the surface area of each projected section “ab”, “ac” and “bc” planes
using MeshLab (Fig. 4), where a, b and c are the length of the boulder
axes for the maximum, intermediate and minimum axis, respectively.
These were used to estimate the virtual coefficients and wave-induced
flow velocities (section 3.3) in the equations of Nandasena et al.
(2022). To estimate the mass of the boulder, we first estimated the
density of boulder samples using the water immersion method (e.g.,
Pepe et al., 2018). Measurements were repeated three times to obtain an
average density value. For the Bate Bate boulder, we used a density of
2.59 g/cm?’, which was determined by Beltran-Fonseca (2019; Table 2).



P. Dunan-Avila et al.

Relative height (m)
1.4

1.0

0.0

1.0m

29

1.6

0.0

| e |
1.0 m

Relative height (m)

Marine Geology 480 (2025) 107438

ve height (m)

Relati
1.7

Relative height (m)
20

Relative height (m)
24

1.2

3.0m

Fig. 4. (A) Polygonal model of the Faro Colorado 1 CBD; dimensional features are shown: a - b - ¢ axis lengths and ab-ac-bc projected surfaces. Perspective view of
the CBDs highlighting relative elevation and surfaces: (B) Faro Colorado 1 boulder, (C) Faro Colorado 2 boulder, (D) Bate Bate boulder, (E) El Capitan boulder and (F)

Bahia de Boma boulder.

3.3. Minimum flow velocity for boulder emplacement

The metrics estimated for the CBDs (see above), were used to
calculate the minimum flow velocity responsible for the boulder
emplacement using the hydrodynamic equations of Nandasena et al.
(2022). The energy transmission from the impacting waves to the
boulder has been conceptualized with different mathematical

relationships describing the whole transport process through three
stages: a) incipient motion (Nott, 2003b), b), transport (Imamura et al.,
2008), and c) deposition (Goto et al., 2009).

Nandasena et al. (2011a, 2013, 2020, 2022) developed a model to
calculate the flow velocity needed to initiate the movement of a boulder
for different settings (sliding, overturning, saltation/lifting) and boulder
preconditions, namely submerged/subaerial (SB/SA), joint-bounded
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Table 2

Location, size, and pre-transport setting of the boulders. Comparing boulder masses based on field measurements (a*b*c) with those computed using Structure-from Motion photogrammetry (SfM). Rock dimensions (a, b,

c) are given to the nearest 5 cm.

Difference

Mass based on
a*b*c (tons)

Mass based

Volume Volume Average

Elevation (m

Distance to
asl)

a-Axis

Axis length (m)

Pre-setting Type of

scenario

ID Boulder

between masses

(%)

on SfM (tons)

density (g/

cms)

coastline (m asl) SfM (m?) a*b*c (m®)

Direction

movement

Cliff-edge
boulder

Faro

100.76

41.92

20.88 + 3.8

87 +1.6 17.47 2.40

68.5 + 1.0 6.0 + 1.0

920 265 1.69 24°

3.

Overturning

Colorado

Faro

Cliff-edge
boulder

289.46

18.58

4.77 £ 0.7

2.40

7.74

1.99 £ 0.3

116 £ 1.0 7.2+1.0

2.33 1.39 151°

2.39

Overturning

Colorado

132.20

173.57

7475+ 7.9

2.56

67.80

125+ 1.0 1.2+1.0 29.2+3.1

6.10 3.90 2.85 167°

Saltation/
lifting

Joint-bounded

boulder

El Capitan

116.24

145.06

67.08 £+ 6.7

2.59

56.01

25.9 + 2.6

6.0 + 1.0

9.5+ 1.0

46 385 195 153°

7.

Overturning

Cliff-edge
boulder

Bate Bate

74.65 £ 5.9

219.19

238.27

2.37

5.8+ 1.0 315+ 2.5

38.0 + 1.0

100.5

350°

2.36

4.41

9.66

Cliff-edge
boulder

Bahia de

Overturning

Boma
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boulder (JBB), and cliff-edge boulder (CEB). Nandasena et al. (2022)
integrated the real surface and the axes dimensions through a set of
virtual coefficients. The authors considered the forces acting on boulders
and their moments on a cubic/cuboid boulder such that the area of drag
force Ad = ac, the area of lift force Al = ab and the volume of the boulder
V = abc. In such a model, drag and lift forces act to move the boulder,
reduced-gravity forces and friction forces resist when the waves impact
the boulder. The equations considering the real surfaces along the
boulder axes are defined as the virtual drag coefficient (Cqy), the virtual
lift coefficient (Cjy) and the virtual volume coefficient (Cyy), so that:

Virtual drag coefficient : Cg, = %Cd (@D)]
. . - A

Virtual lift coefficient : C;, = ECI 2
. . . v

Virtual volume coefficient : C,, = abe 3)

where A4 is the actual drag area, A is the actual lift area and V is the real
volume of boulder.

These virtual coefficients model the actual volume and the projected
area of the boulder (e.g., Fig. 4A). Also, they improve the accuracy of the
forces in the incipient motion formulas (Nandasena et al., 2022). The
equations for the different boulder settings and preconditions are as
follows:

2C,, (:7 - ) g
—_— ()]

Clv - Cdv <l%>

Minimum flow considering Saltation / lifting (CEB) : u?

Minimum flow considering rolling (CEB) : u* =

2C,, (57, - )gc
- Cy — 4Cay (i) ©

Minimum flow velocity considering Lifting (JBB) : u?

2C,, (;’— - )gc(cos@ + p,sind)
>

> c (6)

Here, u is the minimum flow velocity, p; is the coefficient of static
friction between boulder and substrate, g is the gravitational constant
(taken as 9.81 m/s%), Cq is the coefficient of drag, C is the coefficient of
lift, pp is the density of the boulder, p is the density of seawater (taken as
1.020 g/cm®) and 6 is the ground slope at the pre-transport location.

The coefficients of drag, lift and static friction contribute to the
magnitude of the forces considered in the incipient movement formulas,
and influence the minimum flow velocity and modes of boulder trans-
port (Nandasena, 2020). The values of drag coefficient (C4) described in
the literature range from 1.0 to 2.5 (Noormets et al., 2004; Malavasi and
Guadagnini, 2007; Imamura et al., 2008; Paris et al., 2010; Nandasena
et al., 2011b; 2022). For the lift coefficient (C;) Einstein and El-Samni
(1949) adopted a value of 0.178. Research by Nandasena (2017) and
Nandasena et al. (2022) reported C; values ranging between 0.1 and 0.8.
Rovere et al. (2017) calculated lift coefficient indirectly using the Nott’s
approach on two Bahamian boulders of 13 and 33 t, obtaining values of
C) ranging between 2 and 2.7. Pedoja et al. (2023) considered C; values
between 2 and 2.5 for a boulder of 210 tons on the South coast of Cuba.
In this study, we considered a static friction coefficient of y; = 0.7
(Nandasena et al., 2011a, 2013, 2022; Rovere et al., 2017; Pedoja et al.,
2023). To estimate minimum flow velocities, we used a range of drag
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coefficients between 1.8 and 2.2 and lift coefficients between 1.8 and
2.7. This approach allowed us to present a range of plausible flow ve-
locities, incorporating uncertainty. We generated probability density
functions based on the results of the flow velocity equations using the
specified ranges of lift and drag coefficients.

3.4. Maximum wave orbital velocity

Numerous coastal parameters including sediment mobility, transport
and suspension, bed protection measures and fluid-structure in-
teractions require estimating wave-induced orbital velocities. A simple
method for this calculation uses linear wave theory to convert wave
height and period into orbital velocity at specific water depths (Sleath,
1984). Herein, water depth at the initial boulder location was obtained
using bathymetric data and interpretation of the boulder origin, either
sea-cliff edge or offshore platform. Significant wave heights and peak
periods during recent hurricanes in the studied areas were determined
using the WAVEWATCH III® Production Hindcast from Marine Branch
Archive (199907 - 200711) and NODC THREDDS (NODC Archive,
2005-2018) archived model data. For the 1935 Cuba Hurricane (cate-
gory 3) in the region of Trinidad, because there are no instrumental
records for this event, we had recourse to theoretical values of storm
surge, wave height and period provided by NOAA Ocean Explorer
(2013) for category 3 hurricanes. Although covering a large range, it led
to using significant wave heights between 2 m and 8 m, wave periods
from 10 s to 15 s and storm surge values from 2.7 m to 3.8 m. Given that
this hurricane produced a storm tide (i.e., maximum water level) in the
region of Bimini, Bahamas, of 4.5 m (McDonald, 1935), and the astro-
nomical tide in this region is less than 1 m (NOAA Tide Predictions,
2023), the storm surge at this site could have been around 3.5 m; value
which is in agreement with the range of values proposed by NOAA
Ocean Explorer (2013) for category 3 hurricanes.

The use of linear wave theory to derive orbital velocities is supported
experimentally by Kirkgoz (1986), who revealed a reasonable agree-
ment between the theory and observed orbital velocities beneath wave
crests across a wide spectrum of sea states. Interestingly, even at the
transformation point of plunging breakers where higher-order theories
were anticipated to perform better, linear theory provided accurate
results.

Given that a single extreme wave can be responsible for the boulder
displacement, we considered the maximum significant wave height
statistically occurring during the weather event. Considering a Rayleigh
distribution (Longuet-Higgins, 1952), the maximum wave height was
computed as twice the significant wave height (Abadie et al., 2023). The
corresponding maximum orbital velocity (Vme) was calculated under
linear wave theory as:

27 Hpgx coshlk(h +2) ]

Vier (2) = T 5~ —sinhikh )

where Hp,, is twice the significant wave height measured at the nearest
point to the shore where the boulder is located during the passage of the
hurricane, h is the water depth including tide and storm surge, T}, is the
wave peak period, z is the vertical position within the water column and
k =2n/4 is the wavenumber, with 1 the wavelength, retrieved from
depth and period according to the dispersion relation using a Newton-
Raphson iterative method.

Applying linear wave theory (Eq. 7) for z = 0, the surface velocity is
obtained as:

TH oy 1

Vinax =1 Lanh(kh) ®)

If we consider the wave orbital velocity at the seabed, linear wave
theory (Eq. 7) for z = —h then writes:
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THmax 1
Viax =0 Gk (kR) ©)
4. Results

In the following, we present the analysis of five CBDs emplaced at
four coastal sites alongshore Cuba by three different hurricanes. The
sites are located on the South-Central coast (sites 1 and 2), the SE coasts
(site 3) and the NE coast (site 4) of Cuba main Island (c.f. Fig. 1). More
specifically, we detail the geomorphological analysis of each studied site
and boulder, followed by results on the minimum flow velocity
responsible for the boulder’s emplacement using the equations of Nan-
dasena et al. (2022) and the maximum wave orbital velocity produced
by responsible hurricanes using linear wave theory.

4.1. Site 1: Punta Los Colorados Lighthouse

4.1.1. Geomorphological analysis

The site Punta Los Colorados Lighthouse is located ~2 km west of
Hotel “Rancho Luna” and ~ 14 km south of Cienfuegos city (Figs. 1 and
5). The analysis concerns the two metric-scale boulders (Faro Colorado 1
and 2) on the low-lying coral reef terrace surface (T1) near the light-
house (Fig. 5A, B, D, G).

The reef terrace T1 has a variable width along the coast, ranging
from 10 to 150 m. The surface of the terrace where the CBD is emplaced,
is free of sediment apron and consists of rugged reefal limestone with
epikarst etched up to 1 m depth, probably enhanced by the periodic
overwash from stormy weather and storm waves. The GPS profile of T1
shows elevations of 8.2 + 1 m above sea level (m asl) at the lighthouse
and 1.6 + 0.5 m asl at the outer edge (Fig. S5E). The distal edge of the
reefal terrace constitutes the modern shoreline and is characterized by a
plunging sea cliff with small fractures and indentations generated by
sea-directed runoff. About 1-2 m of the sea cliff is emerged, while ~
—2.5 m of the cliff is submerged. The fringing reef and associated reef
crest are absent in this area. The offshore bathymetry is variable be-
tween —1.4 to —7.5 m as shown by the bathymetric profile surveyed 2
km eastwards (Fig. 5C). The sea floor in this area contains some coral
colonies and sandy areas.

4.1.2. Faro Colorado boulders description

The boulders Faro Colorado 1 and 2 are accompanied by smaller
boulders nearby. The two CBDs are located at ~69 m and ~ 117 m from
the coastline at an elevation of ~5 m and ~ 7 m asl respectively (Fig. 5E,
G). Faro Colorado 1 boulder is 3.90 m long, 2.65 m wide and 1.69 m high
(Figs. 4A, B and 5B, E). The top of the boulder is rough, and the sides are
slightly rounded. Its base is irregular, displaying a concave surface that
has been exposed to abrasive wave action interpreted as a preserved
tidal notch, suggesting that the boulder was pulled-off the shoreline
from the sea cliff (Fig. 5B). Furthermore, we find corals colonies that are
overturned with respect to their original growth position. The cliff
adjacent to this boulder location is sufficiently high (~2 m) to produce a
boulder of the observed size. Based on our interpretations, this boulder,
detached from the cliff edge, was carried inland by rolling and deposited
upside down (Fig. 5B). According to the lighthouse keeper, the boulder
was emplaced during hurricane Lili in 2002 on the concrete foundation
of what was an oxygen plant destroyed during this weather event
(Fig. 5B).

The SfM point cloud of Faro Colorado 1 comprises ~184 million
points, with an average point density of 435 pt./cm? (Table 1; Fig. 4B).
We estimated the boulder volume to be 8.7 + 1.6 m®. Considering the
measured boulder mean density of 2.40 g/cm®, we obtained a boulder
mass of 20.88 + 3.8 tons (Table 2).

The Faro Colorado 2 CBD is 2.39 m long, 2.33 m wide and 1.39 m
high (Fig. 5D, E). The surface of the northern side of the boulder is
smooth while its southern side is rougher with erosion and dissolution
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formed small rock pools with depth of ~25 cm similar to those observed
on the surface of the coral reef terrace from which the boulders origi-
nate, akin to those seen on the surface of T1 (Fig. 5D, F). Furthermore,
the seaward side of the boulder and its base are in contact with the storm
debris and the a-axis of the boulder is slightly perpendicular to the base
of the boulder (Fig. 5D). Based on these observations, we interpret that
the boulder was detached from the outer edge of T1 and emplaced by
overturning.

The SfM point cloud of Faro Colorado 2 includes ~18 millions, with
an average point density of 185 pt./cm? (Table 1; Fig. 4C). We estimated
a volume of 1.99 + 0.3 m?, and given the average density of Faro Col-
orado 2 (2.40 g/cm3) provided a mass of 4.77 + 0.7 tons (Table 2).

4.2. Site 2: Trinidad

4.2.1. Geomorphological analysis

The site “Trinidad” is located in the Trinidad municipality (Sancti
Spiritus province), ~1.5 km south of “La Boca” beach and ~ 6 km SW of
Trinidad city (Fig. 6). According to the specialists of the Center for
Environmental Studies of Santi Spiritus city, El Capitan boulder is
named by its proximity to the lodging “El Capitan” located to ~450 m
from the boulder. The boulder was emplaced on a low-lying coral reef
terrace (T1) at ~13 m from the shoreline.

The surface of the coastal terrace is rough, with numerous rocky
pools (Fig. 8). The width of T1 is reduced and does not exceed 50 m. The
coral reef terrace has an elevation of ~2 m at its inner edge and 1 m at its
outer edge and exhibits slight seaward slope of 3.55 + 0.5° (Fig. 6E).
The marine terrace is covered by small fragments of storm debris, being
well-developed ~25 m inland of the boulder location (Fig. 6E, G). In the
Capitan area, the sea floor is shallow, ranging between —1 m and — 12.3
m in depth and it is gently sloping seaward. Landsat satellite images
display high seafloor rugosity, interpreted as erosion areas and pull-out
zones of the submerged platform (Fig. 6D).

4.2.2. El Capitan boulder description

According to the municipal archives of Trinidad municipality, El
Capitan boulder was emplaced on the coastal terrace during the 1935
Cuba Hurricane (Fig. 6A). The morphology of the boulder is elongated,
being 6.10 m long, 3.90 m width and 2.85 m in height (Fig. 6A, C, E).
The base of the boulder is partly flat and irregular. The top of the boulder
is rough, as well as its sides. Some corals colonies identified on the sides
of the boulder are in normal growth position showing that the boulder is
not overturned. Based on these observations, and because of the absence
of a cliff on the edge of the coastal terrace, we propose that El Capitan
boulder was detached from the submerged adjacent platform, which is
the case for the majority of boulders in the Trinidad region (Leon-Brito
et al., 2021).

The SfM point cloud comprises ~133 million points with an average
point density of 347 pt./cm? (Table 1; Fig. 4E). Shown in Table 2, we
estimated a volume of 29.2 & 3.1 m® and a mass of 74.75 + 7.9 tons
(average density of 2.56 g/cm®).

4.3. Site 3: Bate Bate

4.3.1. Geomorphological analysis

The site “Bate Bate” is located in the municipality of “San Antonio del
Sur”, ~3 km south of the town “Baitiquri” and ~ 40 km NW of Guan-
tanamo province (Fig. 7). The boulder is located at ~10 m from the
coastline on the low-lying coral reef terrace (T1).

There, the coral reef terrace T1 is ~230 m wide, it has an elevation of
~11 m at its inner edge and 5 to 6 m at its outher edge (Fig. 7D, F). We
found a well-developed Camellon de Tormenta at ~30 m from the cliff
edge with numerous boulders essentially <1 m in length, organized in a
sandy matrix including bioclasts (corals, bivalves, gastropods), together
with larger boulders on the nearshore side resulting from extreme
storm/hurricane wave events (Fig. 7G, H). The outer edge of T1 is
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irregular and characterized by indentations that we interpret as gener-
ated by sea-directed runoff, in addition to rocky pools on the marine
terrace. Between 8 and 10 m of coastal cliff is submerged and 5 to 6 m of
the cliff are emerged (plunging cliff, type-C platform, Sunamura, 1992;
Fig. 7D). Bathymetric data show depths from —17 to —78 m, with slopes
between 17° and 21° up to about —500 m, whereas up to —1500 m the
slope is ranging from 12° and 17° (Alvarez Ortiz et al., 2019). The steep
slopes are most probably the cause of the absence of modern coral reefs
in this area.

4.3.2. The Bate Bate boulder description

The so-called Bate Bate boulder is one of the largest boulders on the
distal part of T1 found at this site (Fig. 7G, H). It is located at ~9 m from
the convex cliff edge. The sea cliff displays a fresh scar that Beltran-
Fonseca (2019) argues as the mark of the boulder original position
(Fig. 7E).

The boulder morphology is elongated with length of 7.46, width of
3.85 m and height of 1.95 m (Fig. 7E). The base of the boulder is
irregular, the top surface is relatively flat. The sides of the boulder are
also irregular and subvertical. The boulder is upside down, as evidenced
by the coral colonies found in inverted growth position. Likewise, the
upper surface of the boulder shows less weathering than the terrace
substrate on which it is located. According to these observations, and in
agreement with the interpretation of Beltran-Fonseca (2019), we pro-
pose that the boulder was emplaced by rolling and overturning after
detachment from the active sea cliff.

The SfM point cloud of this boulder comprehends ~86 million
points, with an average point density of 209 pt./cm? (Table 1; Fig. 4D).
The volume was found to be 25.9 + 2.6 m®, and considering a density of
2.59 g/cmg, we estimated a mass of 67.08 &+ 6.7 tons (Table 2).

4.4. Site 4: Bahia de Boma

4.4.1. Geomorphological analysis

The “Bahia de Boma” site is located on the NE shore of Cuba Island,
in the municipality of “Baracoa” at ~6 km W of the town of “Baracoa”,
and at ~6 km E from “Mata Bay” in Guantdnamo province (Fig. 8). The
boulder is located on the lower coastal terrace (T1).

The coastal terrace T1 is highly eroded and includes numerous rock
pools. The boulder under investigation is located at an elevation of ~6 m
asl and the distal edge of T1 is located at ~5 m asl. On T1, we found
several large boulders, all emplaced by extreme waves. Four of these
boulders were emplaced by Hurricane Matthew as indicated by wit-
nesses/satellite images scouting (Fig. 8B, C, F). The distal edge of T1 is
characterized by small indentations generated by sea-directed runoff
with rock pools. Vertical sea cliffs show scars, suggesting the original
location of the detached boulders. The depth in front of the cliff edge is
—5.4 m asl (plunging cliff, type-C platform, Sunamura, 1992; Fig. 8E).
The development of modern coral reefs is not observed in the study area,
perhaps due to the steep slopes (between 10° and 13°) combined with
the deep bathymetry (Alvarez Ortiz et al., 2019).

4.4.2. The Bahia de Boma boulder description

The Bahia de Boma boulder is located ~38 m from the modern sea
cliff which exhibits a “fresh” area that we identify as the detachment
zone of this boulder (Fig. 8B, I). Furthermore, on Worldview satellite
images, we were able to identify the trace of the trajectory of the boulder
after detachment. This occurred during Hurricane Matthew in 2016 as
seen on the satellite images (Fig. 8A, B, I) and this information was
corroborated with specialists from the Center for Environmental Studies
of the National Park “Alejandro de Humboldt” in Baracoa region. The
Bahia de Boma boulder is elongated and relatively flat, being 9.7 m long,
4.4 m wide and 2.4 m high (Fig. 8H). The base of the boulder is irregular.
The sides of the boulder are rough and subvertical. The upper surface of
the boulder displays minimal weathering effects in comparison with the
T1 surface and the dissolution pools at the base of the boulder, similar to
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those observed at the surface of T1. Within the limestone forming the
boulder, coral colonies are in inverted growth position, indicating that
the boulder is resting upside down. Based on all these geomorphologic
evidences, we hypothesize that the boulder was detached by the hurri-
cane Matthew and deposited overturned (Fig. 8H).

As shown in Table 1 and Fig. 4F, the SfM point cloud is composed of
~180 million points with an average point density of 397 pt./cm?2 We
estimated a volume of 31.5 + 2.5 m°. Considering an average density of
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2.37 g/cm3, we calculated a mass of 74.65 + 5.9 tons (Table 2).

4.5. Minimum flow velocity responsible for the emplacement of boulders

In this section, we present the results of the application of the hy-
drodynamic equations of Nandasena et al. (2022) to the five coastal
boulders. We hypothesized (see section 4.1) that the Faro Colorado 1
and 2 boulders originated from the cliff-edge and were emplaced by
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overturning (Fig. 5; Table 2). Under this assumption, the minimum flow
velocity required to emplace the Faro Colorado 1 boulder was calculated
to be 4.66 + 0.74 m/s (mean =+ 1 std.; Fig. 9A) and for the Faro Colorado
2 boulder of 2.84 + 0.34 m/s (Fig. 9B). For the El Capitan boulder, we
suggested (see section 4.2) that the boulder was a joint-bounded boulder
originating from the submerged platform emplaced by saltation/lifting
(Fig. 5; Table 2). Under these conditions, the minimum flow velocity
required to emplace the boulder is 4.69 + 0.40 m/s (Fig. 9C). We
calculated the minimum flow velocity required to emplace the Bate Bate
boulder to be 4.74 + 0.53 m/s (Fig. 9D), considering that the boulder
came from the cliff-edge and the type of emplacement was overturning
(see section 4.3). Finally, for the Bahia de Boma boulder, transported
from the cliff edge and overturned (section 4.4), we calculated the
minimum flow velocity required for its emplacement to be 3.93 + 0.45
m/s (Fig. 9E).

4.6. Maximum orbital velocity

Using linear wave theory, and considering the water depth at the
initial boulder location, we calculated the maximum wave orbital ve-
locity for the different hurricanes responsible for the emplacement of the
studied boulders (Fig. 10).

We estimated a maximum orbital velocity during the passage of
Hurricane Lili in 2002 in Cienfuegos coastline to be between 3.1 m/s and
4.1 m/s. This estimation was based on hydrodynamic parameters (storm
surge, wave height and wave period) for this hurricane provided by
WAVEWATCH III® Production Hindcast and a water depth at the sea-
cliff of —2.5 m (Fig. 10A). Using this approach, the maximum orbital
velocity produced by hurricane Matthew in 2016 when fronting the Bate
Bate coastline ranged between 6.6 m/s and 6.8 m/s (Fig. 10B) and for
the Bahia de Boma coastline the values ranged between 8.2 m/s and 8.6
m/s (Fig. 10C).

For the 1935 Cuba Hurricane we estimated the maximum orbital
velocity considering the range of hydrodynamical values for category 3
hurricanes proposed by NOAA Ocean Explorer (2013) along with a
range of bathymetric values of the offshore platform where areas of
stripping have been observed (—5 m to —12 m) because we do not know
the exact origin of the Capitan boulder (Fig. 6D). Due to large un-
certainties for this boulder, we consequently obtained a wide range of
values for the maximum orbital velocity, from 1.3 m/s to 9.2 m/s
(Figs. 10D, E and 11).

5. Discussion

The overall aim of this study was to advance the understanding of
coastal boulder emplacement under the influence of waves by using
theoretical and empirical tools to evaluate hydrodynamic conditions.
For that, we took advantage of the important record of CBDs along Cuba
shoreline. In the following sections, we first discuss the maximum wave
orbital velocity during the considered hurricanes, obtained from linear
wave theory, and compare it with the minimum flow velocity values
derived from the hydrodynamic equations of Nandasena et al. (2022)
which make use of boulder geometry and field setting. Then, we analyze
the minimum flow velocity results deduced from the boulders’
morphology in relation to similar studies at other locations worldwide.

5.1. Comparison of the maximum wave orbital velocity with the minimum
flow velocity deduced from boulder analysis

In most cases, our results show that the minimum flow velocity
calculated (minimum estimate) from hydrodynamic equations and
boulder characteristics is lower than the maximum wave orbital velocity
during the weather event, therefore indicating that the Nandasena et al.
(2022) equations provide appropriate results for boulder emplacement
analysis for our studied cases (Fig. 11).

In Bate Bate, maximum wave orbital velocities of between 6.6 and
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6.8 m/s during Hurricane Matthew in 2016 (Figs. 10B and 11) agree well
with the minimum flow velocity values calculated using Nandasena
et al. (2022) equations, with values of 4.39 + 0.57 m/s. For the same
hurricane, in the Bahia de Boma region, we obtained maximum orbital
velocities ranging between 8.2 m/s and 8.6 m/s (Figs. 10C and 11),
which again surpass the minimum flow velocity calculated for the Bahia
de Boma (3.93 + 0.45 m/s). Likewise, the minimum flow velocity
deduced from the Faro Colorado 2 boulder (2.84 + 0.34 m/s) is below
the maximum orbital velocity produced by Hurricane Lili 2002 in the
study area, which according to our results ranges between 3.1 and 4.1
m/s (Figs. 10A and 11).

For the Faro Colorado 1 boulder, the range of plausible minimum
flow velocity values (4.66 + 0.74 m/s) are higher than the maximum
orbital velocity, which ranges from 3.1 m/s and 4.1 m/s (Figs. 10A and
11). However, the minimum flow velocity should be lower than or equal
to the maximum orbital velocity during the weather event in order to
validate hydrodynamics equations relating boulder characteristics to
flow conditions at the time of emplacement. This mismatch may be
explained by the fact that the wave parameters provided by NOAA
Environmental Modeling Center (2023) correspond to average values,
possibly from a distal part of the coast. In this regard, local wave
amplification could have occurred for this site, in particular due to the
shallow depth of the submerged platform associated with the low cliff
height, which could not be quantified using linear wave theory. Linear
wave theory tends to simplify or ignore the interaction of waves with
seafloor topography, which can significantly influence wave behavior.
Additionally, the presence of a cape at the Faro Colorado site can
significantly influence the alongshore distribution of wave energy at the
coast, and as a result, it is possible that larger waves be occurring in
reality than those theoretically calculated from far-field data (Fig. 5).

Concerning the 1935 Cuba Hurricane, we obtained a very large range
of maximum orbital velocities, from 1.3 m/s to 9.2 m/s (Fig. 10D and E).
The minimum flow velocity values calculated from the hydrodynamic
equations of Nandasena et al. (2022), 4.69 + 0.40 m/s, is higher than
most of the maximum orbital velocity values (59.3 % of values; Fig. 11).
However, if we consider the highest values of maximum orbital velocity,
these are higher than the calculated minimum flow velocity values.
These results indicate that under these conditions, both minimum flow
and maximum orbital velocities are consistent. These consistent values
of maximum orbital velocity require a wave height, storm surge and
period equivalent to those occurring during hurricanes that affected
Cuba with comparable intensity to the 1935 Cuba Hurricane. For
example, during Hurricane Michelle that made landfall at Playa Giron
between 4 and 5 November 2001, with a category 3 and a storm surge of
3 m at Cayo Largo, Cuba (Fig. 1; Beven, 2002). This hurricane produced
a significant wave height of 7.7 m with a peak period of 10.3 s in the
vicinity of the Bahia de Cochinos (Playa Giron, Cuba, Fig. 1; NOAA
Environmental Modeling Center, 2023). Also, during Hurricane Charley
that entered the province of Artemisa on August 13, 2004, with a
category 3 and a storm surge of 3.9 m at Playa Cajio, Cuba (Pasch et al.,
2011; Fig. 1), NOAA Environmental Modeling Center (2023) shows a
significant wave height of 7.9 m with a period of 13.3 s.

Despite the limitations of linear wave theory, we believe it is a
valuable tool in studies of this type due to its simplicity and ease of
application, and since the input (wave parameters) are increasingly
available. In our research, we focused on five CBDs emplaced by three
recent hurricanes, and a key achievement was to reconcile theoretical
approaches that utilize the morphology of the boulders and their
geomorphic context with the hydrodynamic conditions that caused their
emplacement. Future studies should encourage integrating a more pre-
cise description of wave transformation, for instance by considering
non-linear aspects and more complex considerations such as those
incorporated in hydro-sedimentary models such as XBeach.
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5.2. Flow velocity values deduced from the storm boulders morphology at
other locations

Minimum flow velocities responsible for boulder emplacement ob-
tained in this study, ranging from 2.84 + 0.34 m/s to 4.74 + 0.53 m/s,
are similar to those modelled by Goto et al. (2009). In their study, the
authors derived minimum flow velocity values of 3.1-6.5 m/s for
boulders on the reef flat of Kudaka Island, Japan, emplaced by Typhoon
(200704) (MAN-YI) in 2007 (Category 4 - equivalent super Typhoon).

However, the values of our study are lower than those modelled in
the Bahamas for a storm of lower energy (“Perfect Storm” in 1991),
whereby a mean flow velocity of 6.0 m/s was computed (Rovere et al.,
2017). They are also lower than those obtained for Hurricane Sandy in
2012 (category 2), with a computed flow velocity of 10.2 m/s (Rovere
et al., 2017). However, Hearty and Tormey (2018) raised doubts about
these findings, and argued that the minimum flow velocity values were
probably exaggerated. Indeed, calculations in Rovere et al. (2017) do
not take into account the local and regional geology and stratigraphic
provenance of the boulders. Another limitation being the method used
to calculate the volume of the boulders, which was approximate, since
the 3D boulder geometry was simplified to cuboidal (Nandasena et al.,
2013), although a photogrammetric procedure was applied.

Based on our results, we show that the determination and use of
boulder volume derived precisely with SfM photogrammetry will
contribute to reduce minimum flow velocity values (Table 2; Fig. 12),
although a common limitation is that it cannot reconstruct part of the
boulder base, resulting in it being considered as flat. In the absence of a
precise 3D model of coastal boulders, recent work (e.g., Khalfaoui et al.,
2024) continued to have recourse to initial hydrodynamic equations
whereby boulder volume is approximated to cuboidal shape. Pedoja
et al. (2023) made a comparison between the flow velocity calculated by
Nandasena et al. (2013) (equation with the three axes volume calcula-
tion approach) and the equation of Nandasena et al. (2022) (equation
with the SfM volume calculation approach), for a 210 tons boulder in
Cuba. They observed an overestimation of the minimum flow velocity
computed using equations in Nandasena et al. (2013). Extending this
comparison to the five boulders studied herewith (Fig. 12B), we
corroborate this finding. Equations that assume a cuboidal shape sys-
tematically overestimate the minimum flow velocity values for all the
boulders studied. The equations of Nandasena et al. (2022) also resulted
in reduced variability around the mean flow velocity computed, which is
attributable to the improved volume and mass calculations, through the
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inclusion of the projected areas of the boulders in the calculations.
6. Conclusions

This study analyzed five coastal boulder deposits emplaced by three
recent hurricanes on low marine terraces alongshore Cuba Island. We
estimated their volume ranging from 1.99 + 0.3 to 31.5 & 2.5 m5,
density from 2.40 to 2.59 g/cm® and mass from 4.77 + 0.7 to 74.75 +
7.9 tons. Based on geomorphological observations, we elucidated their
mode of emplacement. Using this data, we calculated the minimum flow
velocity needed for their emplacement, with results ranging from 2.84
+ 0.34 to 4.74 + 0.53 m/s. These values were compared with the
maximum orbital velocity estimated for the hurricanes responsible for
the boulders’ emplacement, with values ranging from 1.3 to 9.2 m/s.
The comparison between velocities showed that for all sites except one,
there is a good agreement between minimum flow velocities and
maximum orbital velocities, with minimum flow velocities for boulder
emplacement consistently smaller than the maximum wave orbital ve-
locity during the weather event. The difference observed for one boulder
is attributed to specific site effects, highlighting in this case the limita-
tion of using distant hydrometeorological data for characterizing wave
processes responsible for coastal boulder deposits. For the only site
where the order is reversed, the reason was attributed to potential site
effects that could locally increase the maximum wave height and thus
maximum orbital velocity. This new study opens the door for a better
determination of the magnitude and typology of past extreme wave
events using recent hydrodynamical equations, while emphasizing the
importance of correctly considering the morphology of the entire
coastline, in order to improve our understanding of coastal hazards.
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