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Summary: Hurricane Matthew struck the province of  Guantánamo in southeastern Cuba in 2016 by making landfall as 
the first and only hurricane reaching category 4 in documented history. We surveyed transport path, distance and mode of  
coastal boulder deposits (CBD) after the event at three coastal sites and compared them with the pre-Matthew boulderscape, 
which reflects the effects of  extreme-wave events on millennial time scales. The application of  a dimensionless analytical 
framework comparing elevation, CBD size and wave climate with a global dataset of  storm-transported CBD shows that 
boulder transport during Matthew is at the uppermost possible limit, while larger boulders that remained inactive hint to 
even more intense hurricanes or a large tsunami in the prehistoric past. Most observations support typical patterns of  
storm-transported CBD in carbonate environments, such as a source at the cliff  edge, preferential sourcing and clustering 
at shoreline indentations and a stepwise movement inland during multiple storm events. The study shows that Hurricane 
Matthew is not unique in Guantánamo in terms of  intensity on larger, prehistoric time scales. At the same time, recurrence 
intervals of  highest-category hurricanes in this region may decrease with ongoing climate change prompting the need to use 
the inland distribution of  CBD plus additional buffer as minimum setback zones in coastal hazard management.

Keywords: Coastal boulder deposits (CBD), huracanolitos, coastal geomorphology, cliff  erosion, hurricane, tsunami, 
palaeoclimatology, Greater Antilles, Cuba, tropics, Quaternary geology

1	 Introduction

Severe tropical cyclones in the Atlantic basin 
– referred to as hurricanes (sustained winds >118 
km h-1, separated into five categories on the Saffir-
Simpson Hurricane Wind Scale, Kelman 2013) – 
impose substantial hazards of coastal flooding and 
wind damage to the Caribbean, Gulf of Mexico and 
the southwest of the US (e.g. Vanselow et al. 2007, de 
Beurs et al. 2019). The island states of the Caribbean 
suffer in particular, as (i) annual frequency, lifetimes 
and intensities of hurricanes have increased in the 
North Atlantic over recent decades (Emanuel 2005, 
Mann et al. 2009, Kossin et al. 2020, Vosper et al. 
2020) and (ii) these island states are heavily depend-
ent on climate-sensitive economic sectors (Mycoo 
2018). Furthermore, it is expected that the frequency 
of hurricanes and the length of the hurricane season 
in the Caribbean basin will increase with ongoing 
global warming (Bustos & Torres 2021). 

Even though in eastern Cuba hurricane landfalls 
are slightly less frequent compared with Western 
Cuba, the Virgin Islands or the northern Lesser 
Antilles (Reading 1990, Andrews 2007), they are 
the most important natural hazard Cuba needs to 
prepare for (Roura-Pérez et al. 2018, Matos Pupo 

et al. 2023a). There is an estimate of only four hur-
ricanes of category 5 making landfall in Cuba since 
1791, i.e. the storm of San Francisco de Borja in 
1846, a hurricane in 1924, the hurricane of Santa 
Cruz del Sur in 1932 and Hurricane Irma in 2017 
(Matos Pupo et al. 2022, Dunán-Avila et al. 2025). 
None of them, however, reached Guantánamo prov-
ince (Fig. 1, Fig. 2a), which has only experienced 
one hurricane landfall of category ≥4 since 1791, 
i.e. Hurricane Matthew in 2016 (Pérez et al. 2001, 
Dunan-Avila et al. 2025). This comparably low fre-
quency led to a generally low level of (i) awareness 
and preparedness, especially before 2016/2017 and 
in the province of Guantánamo, where immediate 
personal experiences of major hurricanes were in-
frequent (Mitrani Arenal 2006, Beltrán-Fonseca 
2019, Pérez & Milanés 2020, Matos Pupo et al. 
2023a), and of (ii) adaptation measures due to low 
risk perception of coastal flooding associated with 
major hurricanes (Matos Pupo et al. 2022). 

Given the large return intervals of the strong-
est hurricanes, which in general may be in the order 
of hundreds of years (Elsner et al. 2008, May et 
al. 2013), geological traces of coastal flooding can 
be instrumental to support regional assessment 
of coastal hazards and the identification of flood-
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prone areas (Nott 1997, May et al. 2013, Engel et 
al. 2016, Muller et al. 2017). Large boulders dis-
tributed along rocky coasts – coastal boulder de-
posits (CBD) – with sizes indicating transport only 
by the most extreme waves, i.e. those from severe 
storm waves and tsunamis, are excellent recorders 
in this regard (Paris et al. 2011, Autret et al. 2016, 
Engel et al. 2016, Cox et al. 2020, Kelletat et al. 
2020, Lau & Autret 2020). They help to assess the 
long-term flooding hazard, map the inland extent 
of flood-prone areas along the coast (Miller et al. 
2014, Engel et al. 2016) and support the quantifica-
tion of hydrodynamic parametres of coastal flooding 
through inverse modeling (Nott 1997, Nandasena 
2020, Watanabe et al. 2023). However, the most 
common approaches using initiation-of-motion cri-
teria (e.g. Nott 1997, Engel & May 2012, Miller 
et al. 2014, May et al. 2015, Lau et al. 2018, Boesl et 
al. 2020, Nandasena 2020, Nandasena et al. 2014, 
2022, Pedoja et al. 2023, Dunán-Avila et al. 2025) 
contain a number of flaws (Cox et al. 2020, Kennedy 
et al. 2021) due to substantial gaps in the proper un-
derstanding of how CBD are transported by waves 
and the exact influence of the physical environment 
(Oetjen et al. 2020). The northern Caribbean has 
witnessed a quite substantial amount of CBD re-
search providing evidence for long-term extremes 

of coastal inundation (e.g., Jones & Hunter 1992, 
Kelletat et al. 2004, Miller et al. 2014, Atwater 
et al. 2017, Rovere et al. 2017). In Cuba, research on 
CBD is in its infancy, with a country-wide overview 
recently presented by Matos Pupo et al. (2023b) 
and further regional and local studies (Iturralde-
Vinent 2017, Rodríguez & Acosta 2017, Beltrán-
Fonseca 2019, Rojas-Consuegra et al. 2019, Pedoja 
et al. 2023, Dunán-Avila et al. 2025).   

In order to unlock the value of the boulder re-
cord for hazard assessment in the eastern part of 
Cuba, we mapped coastal boulder transport dur-
ing category-4 Hurricane Matthew in 2016 at key 
sites close to its landfall during a post-event sur-
vey. While other researchers used this case to test 
inverse modelling approaches of boulder transport 
by integrating wave data of the event and charac-
teristics of individual transported boulders at sites 
in southeastern Cuba (Dunán-Avila et al. 2025), 
our aim is to document the environmental context 
of transported and non-transported boulders, their 
sizes and inland extent. We aim at assessing whether 
this event was the maximum possible intensity that 
storms may reach in the region on millennial time 
scales by comparison of the volume and size of the 
transported boulders with the pre-event coastal 
boulderscape. We also evaluate whether strong tsu-
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Fig. 1: Overview of  the Caribbean basin with the study area in southeastern Cuba (light blue frame, see also Fig. 2a). The 
map shows the distribution of  active faults (grey lines) (Styron 2019), the relative earthquake frequency (CHRR/CIESIN 
2005) and the epicenter of  the recent M7.6 earthquake of  09 February 2025 to emphasise the regional tsunami hazard. The 
thick black line shows the track of  Hurricane Matthew (thick black line), the dots show 6-hr intervals of  hurricane passage 
based on NOAA NHC Best Track Data HURDAT2 (Landsea & Franklin 2013).
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namis have to be taken into account by comparing 
the CBD with other recent storm records of CBD 
transport at a global scale through dimensionless 
analysis.

2	 Hurricane Matthew 

Starting as a tropical wave on 23 September 
2016 off the coast of West Africa, Hurricane 
Matthew moved westward and developed into a 
tropical storm on 28 September 2016 when pass-
ing Barbados to the north (Stewart 2017). Matthew 
intensified very quickly to reach category 5 on 30 
September, reaching one-minute sustained winds of 
140 kt (72 m s−1) on 1 October, remaining at cat-
egory 4–5 for 102 hours in total (Klotzbach 2017). 
Matthew made landfall on the Tiburon Peninsula 
of Haïti on 04 October and later on that day tra-
versed the eastern tip of Guantánamo province in 
Cuba (Fig. 1, Fig. 2a,c), where the sites of the survey 

reported here are located, as a category-4 system. It 
provided 400–500 mm of rain during the passage 
before moving north towards the Bahamas archi-
pelago (De Beurs et al. 2019). 

3	 Physical setting

3.1	 Study area

Guantánamo is the easternmost of Cuba’s prov-
inces, comprising ten municipalities, six of which are 
prone to coastal flooding: Niceto Pérez, Caimanera, 
San Antonio del Sur, Imías, Maisí and Baracoa 
(Gómez et al. 2011). Similar to the entire southeast-
ern coast of Cuba, the south coast of Guntánamo 
presents the narrowest platform of the Cuban ter-
ritory, which is exposed to southern winds. Strong 
winds from migrating anticyclones interacting with 
extratropical lows are infrequent (mostly occurring 
around the municipality of Baracoa). Thus, occa-

Fig. 2: a) Overview of  eastern Cuba (see also light blue frame in Fig. 1) based on ASTER GDEM 2 (product of  METI Japan 
and NASA) with the three survey sites and the track of  Hurricane Matthew in 2016 (NOAA NHC Best Track Data HURDAT2 
(Landsea & Franklin 2013)). White frames indicate the extent of  the detail maps of  the surveyed sites (amsl=above mean 
sea level). b) Baitiquirí, c) Caleta and d) Majayara with the boulders and other geomorphic features presented and discussed 
in this paper. White frames indicate the location of  maps in Fig. 8.
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sional tropical storms and hurricanes represent the 
main meteorological hazard creating coastal flood-
ing through storm surge and waves. The largest epi-
sodes of flooding (since 1960) along the south coast 
were recorded during hurricanes Sandy (2012) and 
Matthew (2016) (Perigó et al. 2020). 

The north coast has a narrow platform and is 
open to winds from the first quadrant, which favors 
oceanic waves with a long fetch. Occasional strong 
swells in this area resulting in coastal wave heights 
of 4–5 m (up to 8–10 m during exceptional events) 
are generated by the influence of migrating anticy-
clones, their interaction with extratropical lows, as 
well as tropical storms and hurricanes (Perigó et al. 
2020). The entire coastline of the municipality of 
Baracoa, as well as the north of Maisí, is exposed in 
this stretch. The largest coastal floods (since 1960) in 
this sector occurred in the city of Baracoa also dur-
ing recent events (hurricanes Ike in 2008, Matthew 
in 2016). The mean tidal range along both coasts is 
about 50 cm (Kjervfe 1981, Servicio Hidrográfico 
y Geodésico de la República de Cuba 2003), which 
seems to have not changed significantly over the 
Holocene (Khan et al. 2017). The highest astro-
nomical tide remains below 1 m (Dunán-Avila et 
al. 2025).

3.2	 Surveyed sites

The field survey in June 2018 focused on 
three of the most exposed sites along the coast of 
Guantánamo, two on the south coast (Baitiquirí, 
municipality of San Antonio del Sur; Caleta, Maisí) 
and one on the north coast (Majayara, Baracoa). 
The site of Baitiquirí (referred to as Bate Bate in 
Dunán-Avila et al. 2025) is located close to the 
maximum wind radius of Hurricane Matthew, re-
sulting in a storm surge of 3–4 m, estimated wave 
heights of 6–8 m, and flooding of up to 100 m in-
land (Stewart 2017). The coast at Baitiquirí (Fig. 2b), 
east of Guantánamo Bay, consists of a gently inclined 
palaeo-reef platform as part of the last-interglacial 
Jaimanitas Formation (Toscano et al. 1999, Muhs et 
al. 2017), elevated to c. 6 m above mean sea level 
(msl) close to the cliff and rising up to c. 11 m above 
msl at the maximum width of the platform c. 230 
m inland (Dunán-Avila et al. 2025). The surface is 
karstified with rock pools forming at the cliff edge, 
whereas in some places further inland it is covered 
by coral rubble, mollusk shells and carbonate sand 
as well as boulders of different sizes, locally known 
as huracanolitos. The cliff is almost vertical with ir-

regular indentations (slightly lower, trough-shaped 
part of the seaward platform) and a water depth of c. 
10 m at the foot of the cliff, reaching down to c. 80 
m at a distance of 500 m offshore (Dunán-Avila et 
al. 2025). The sites of Caleta (Fig. 2c) and Majayara 
(Fig. 2d), referred to as Bahía de Boma in Dunán-
Avila et al. (2025), are also represented by an elevat-
ed palaeo-reef platform of the Jaimanitas Formation, 
with a very similar elevation as at Baitiquirí. This 
particular geomorphic setting of an elevated last-
interglacial carbonate platform is very common of 
CBD sites in the Caribbean (e.g. Scheffers 2002, 
Watt et al. 2010, Engel & May 2012, Miller et al. 
2014). At Caleta, where Hurricane Matthew made 
landfall, the platform is more strongly dipping to-
wards the sea and is more overgrown by shrubs and 
trees, whereas the cliff edge is more curbed and less 
distinct. The site of Majayara is exposed to the north-
east. The platform has an elevation of c. 5 m above 
msl right at the coast, with a water depth of c. 5 m 
in front of the cliff (Dunán-Avila et al. 2025). Near 
Majayara >3 m of storm surge, 4.5–6 m waves and 
flooding of up to 300–450 m inland was reported 
during Hurricane Matthew (Stewart 2017). Fringing 
reefs to attenuate wave impacts before reaching the 
coast are absent at all sites (Estrada et al. 2023). The 
relative sea-level (RSL) history is relatively uniform 
across the Greater Antilles, with c. 11 m below pre-
sent msl 8 ka BP, c. 5 m below present msl 6 ka BP 
and a slow, quasi-continuous rise since then derived 
for Cuba (Khan et al. 2017). 

4	 Methods

Sites were selected based on literature search, re-
mote sensing and field surveys (later summarized in 
Matos Pupo et al. 2023b) prior to the joint-survey 
conducted by all authors in June 2018. At all three 
sites, the largest boulders were mapped by recording 
the length of the main axes and distance to the cliff 
edge using a measuring tape, and the location using 
a handheld GPS device. Geomorphic signs of recent 
transport and overturning during Matthew were 
documented, as well as the potential pre-transport 
setting. Furthermore, the minimum flooding extent 
associated with Hurricane Matthew was mapped in 
the field based on sedimentary indicators.

We apply the dimensionless framework of 
Kennedy et al. (2021) to compare boulders both 
shifted and unaffected by Hurricane Matthew in 
southeast Cuba with the extreme upper end of re-
cent storm-transported boulders worldwide. The 
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approach is based on data from western Ireland 
(Clancy et al. 2016, Cox et al. 2018), Brittany in 
France (Boudière et al. 2013, Accensi & Maisondieu 
2015, Autret et al. 2016, 2018), the eastern Visayas 
in the Philippines (Mori et al. 2014, May et al. 2015, 
Kennedy et al. 2017), and Okinawa, Japan (Goto et 
al. 2011). Dimensional analysis is a powerful tech-
nique that helps to simplify and generalize complex 
physical problems by focusing on the fundamen-
tal quantities governing the system, such as mass, 
length, time and other relevant physical dimensions. 
In hydrodynamics, it is applied to establish empirical 
equations between governing parameters when the 
actual processes are highly complex, as in the case of 
boulder transport by waves. The lack of dimensions 
also enables comparisons between different datasets 
(Roberts et al. 2025). 

The dimensionless framework of Kennedy et al. 
(2021) considers boulder size, density, elevation and 
significant wave height. It is based on the static bal-
ance equation to reconstruct minimum flow veloci-
ties for motion of an object with a long, intermediate 
and short axis (a, b, c) on a flat ground surface (Nott 
1997, Nandasena 2020), generalized to

(1)	

where U is the depth-averaged flow velocity, 
g is the gravitational constant, ρs is the density of 
rock, ρw is the density of seawater (commonly set as 
1.02 g cm-³). l is a representative boulder length scale 
defined as

(2)	

where V = volume of the boulder. f1 (and f2–f4) 
are dimensionless functional relationships of certain 
properties of the boulders, their transport and their 
environment, respectively. U2 can be described as 

(3)	

relating flow velocity at the boulder to signifi-
cant wave height offshore (Hs), elevation above high 
tide (Z), distance inland from the coastline at high 
tide (X) and site-specific bathymetry and topogra-
phy. Equations (1) and (3) give

(4)	

where f3=f1/f2 and coefficients refer to a wide 
range of largely unvalidated values chosen for lift 
and drag forces (Cox et al. 2020, Nandasena 2020). 
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For the very common case of waves approaching a 
cliff coast and boulders resting on the cliff top, as in 
the southeast of Cuba, the relationship expressed in 
(4) can be given as 

(5)

Kennedy et al. (2021) then investigate the size-
elevation relationship of the global dataset and sim-
plify by neglecting the parametres inland distance 
(X/Hs) and shape (c/b) using equation (5). As a 
result, they calculate a dimensionless space where 
storm transport is possible, expressed as

(6)

where the limits of the dataset were set to 
l*=[0,0.9], i.e. lmax=0.9, and Z/Hs=2.5 (Kennedy et 
al. 2021). 

For testing the moved and unmoved boulders 
mapped during the Cuba survey, we apply a Hs of 7.3 
m for the south coast (Baitiquirí, Caleta) and 7.4 m 
for Majayara, which is the maximum offshore value 
determined during Hurricane Matthew (Dunán-
Avila et al. 2025). Boulder-specific parameters were 
measured during the survey and, in part, confirmed 
by or adapted from Dunán-Avila et al. (2025).

5	 Results

5.1	 Field mapping

5.1.1 Baitiquirí

At Baitiquirí (Fig. 2b), numerous boulders are 
distributed on top of the elevated palaeo-reef plat-
form which has an intensely karstified cliff-edge 
zone (Fig. 3a,c). Very few of them were quarried at 
the cliff edge and shifted inland recently (Fig. 3b), 
probably during Hurricane Matthew, as indicated 
by edges of light-coloured limestone at the cliff 
(Fig. 3b,c, Fig. 4b). The largest of these examples is 
boulder Baiti 1 (Tab. 1, Fig. 3c, Fig. 4b). In fact, it 
seems that most of the collapsing cliff-edge mate-
rial drops into the sea and remains in the subtidal 
in front of the cliff. Only a very small part becomes 
shifted inland during the abrasional process, exem-
plified by the large fresh scar and scarcity of cor-
relating boulders in Fig. 4b. Finer-grained over-
wash deposits of carbonate sand, shell debris and 
smaller coral fragments were mapped high on the 
platform, behind a c. 20 m wide sediment-free zone 

Hs
==l * f4 ( Z

Hs
, X
Hs

, c
b ).l ( )-1ρs
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Z
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(Fig. 3a,b,d, Fig. 4a,c). In some places they are lithi-
fied in a beachrock-type (or cayrock-type) manner 
(Fig. 3d), mostly through the influence of sea spray 
(De Leeuw et al. 2000) as described by several au-
thors for higher supratidal elevations (e.g. Gischler 
& Lomando 1997, Kelletat 2006). Elsewhere, 
these deposits bury larger and older boulders which 
remained unmoved during recent storms (Fig. 4a). 
They furthermore provide the source for a rampart 
or berm ridge (sensu Otvos 2000) of sand, skel-
etal debris and boulders further inland – locally 
referred to as camellones de tormentas (Peñalver et 
al. 2013) –, which is stabilized and overgrown by 
large shrubs and palmtrees. In one specific place, 
this rampart was modified, most likely during 
Hurricane Matthew, through fresh, white sand and 
boulder components (a-axis up to 1.5 m) colliding 
with and destroying some long-standing palmtree 
vegetation at an elevation of c. 7 m above mean sea 
level c. 30 m inland from the cliff edge (Fig. 4e). No 

particular indicators of flow depth were mapped at 
this particular site, thus 7 m above msl is the mini-
mum estimate. Some of the boulders show a very 
light colouring with a vertical extent of 20–30 cm 
on their lower part (Fig. 3a, Fig. 4c,d) indicating 
very recent erosion and redeposition of the fine-
grained deposits. Some of the older boulders were 
overturned during the hurricane indicated by living 
vegetation pointing downward (Fig. 4d). 

The second largest of the few recently shifted 
boulders is Baiti 2. It is rather flat and seems to have 
rested on top of the platform before transport, with 
the lowermost part buried in sediment. As the most 
seaward boulder of a pre-existing cluster, it was the 
only one shifted during Hurricane Matthew, pos-
sibly supported by high sediment loads of the fluid 
given the substantial finer-grained deposits cover-
ing the karstified platform. It was overturned and 
shoved onto another unmoved larger boulder of the 
cluster (Fig. 4c).

Fig. 3:  Baitiquirí plate, Part 1. a) Largest boulder cluster at Baitiquirí, with mainly moderately sized (a-axis c. 1–2 m) slab-
shaped boulders, some of  which appear imbricated. They are located seaward of  a rampart and washover lobe with smaller 
recently active boulders that reach further inland into the palmtree vegetation (Fig. 4e). Only some of  the boulders were 
sourced from the cliff  edge or subtidal and added to the cluster recently based on differences in colour. Light bands with 
a vertical extent of  20–30 cm at the bottom of  the boulders indicate recent net erosion of  finer-grained sediment. b) One 
of  several recent erosional scars at the edge of  the remarkably vertical cliff  at Baitiquirí, with the corresponding smaller 
boulder transported onto the carbonate platform for ~30 m. c) Boulder Baiti 1 (Tab. 1; a-axis=7.3 m) recently quarried at the 
cliff  edge and transported for a few metres. The white arrow indicates the transport from the light erosional scar at the cliff  
edge to the current position, possibly during Hurricane Matthew. d) Consolidated and stratified sand- to fine gravel-sized 
washover deposit on top of  the ~6 m-high carbonate platform. The large block in the background is a collapsed part of  the 
landward Jaimanitas Formation. 



197Massive boulders shifted along the coast of  Guantánamo, Cuba, during Hurricane Matthew (2016)2025

5.1.2 Caleta

At Caleta (Fig. 2c), the concentration of boulders 
on top of the reef-top platform (c. 6 m asl) is higher, 
and a higher percentage of boulders seems to have 
been transported recently compared to Baitiquirí. 
The survey focused on the northern part of the 
Caleta boulder field. Boulders with main axes of 
up to 8.0 m (Cal 2) were shifted (Fig. 5a, Fig. 6c,d), 
while the largest ones at the site, such as Cal 6 fur-
ther inland, remained inactive (Fig. 6b). The largest 
boulders show strongly developed karst features in 
the current setting, such as karst pipes penetrating 
from the top deep into the boulder, in addition to 
being heavily overgrown (Fig. 5a,b). The largest 
recently active boulder, Cal 2, exhibits two rock-
pool generations with an inactive bottom tilting 
in a different angle than the active, horizontal one 
(Fig.  5c). Some of the large, active rock pools on 
top of the boulders are filled with white, coarse car-

bonate sand, testifying to recent flooding and wave 
action on top of the platform (Fig. 5c). Patches of 
massive carbonate sand, shell debris and coral frag-
ments cover the karstified surface of the platform 
in a thickness of up to 50 cm, in some parts show-
ing reddish brown coloring and root penetration as 
signatures of incipient pedogenesis. This coloring 
was identified especially around and below Cal 2, 
where, however, also plastic packaging of unknown 
age was found incorporated into the reddish brown 
sand (Fig. 5a,d). 

Compared to Baitiquirí, there were fewer light-
colored bottom parts of boulders as signature of 
recent fine-sediment erosion, and also fewer fresh 
scars at the cliff edge (Fig. 5e). Boulder Cal 1 is the 
only boulder clearly associated with a fresh erosion-
al scar at the cliff edge, with a transport distance of 
c. 7 m inside a shoreline indentation or reentrant, 
respectively (Fig. 6a). A few meters further inland 
inside the same indentation, a cluster of three larg-

Fig. 4: Baitiquirí plate, Part 2. a) Older, inactive boulders buried in sand to fine gravel-sized washover deposits. The setting 
indicates recent net accumulation of  these washover deposits. b) Large erosional scar at the cliff  edge with only one small 
boulder recently transported onshore, possibly during Hurricane Matthew. c) Boulder Baiti 2 (Tab. 1) on the left was recently 
transported and shoved onto another boulder, possibly during Hurricane Matthew. The two other boulders were not moved 
and stripped from 20–30 cm of  finer-grained washover deposits based on the white colouring at their bottom. Baiti 2 was 
overturned based on recent vegetation at the former upper surface. Its pre-transport location was on top of  the platform 
probably close to its current position and at least 20 m away from the cliff  edge as the most seaward zone of  the platform 
is entirely free of  vegetation. d) Cluster with pre-existing subaerial boulder transported and overturned during Hurricane 
Matthew based on downward-pointing vegetation, in combination with net erosion of  finer-grained deposits (light-coloured 
underside of  unmoved boulder in the background). e) Recent lobe-shaped washover deposit of  carbonate sand, shell debris, 
coral fragments and boulders overprinting the inland rampart, landward of  the boulder cluster in Fig. 3a.
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er boulders was mapped which show signs of re-
cent transport for a very short distance (Cal 3–5) 
(Fig. 5e). The largest boulder at the site (Cal 6, a-
axis=10.0 m) is located 65 m from the cliff edge 
and was not recently moved. The a-axis, original 
aligned with the shoreline, has been laterally turned 
for 180° at some point, as the former cliff edge and 

upper part of the intertidal bioerosional notch are 
now directed inland (Fig. 6b), exposing the largest 
surface defined by a- and c-axes against the flow. 
It is heavily overgrown and also features two dis-
tinct rock-pool generations at the tilted former sur-
face. In the southern part of the site, more boulders 
were transported onto the platform possibly from a 
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Baiti 1 7.3 3.3 1.7 22.1 25.9 2.59 67.1 Yes 9 m
6 9 >95 Very close to shore, light reddish brown 

limestone, quarried and moved during 
Hurricane Matthew (2016)

Baiti 2 3.8 2.2 1.3 5.9 - 2.59 15.3 Yes ?
6 42 Shifted and overturned, in cluster with 

two other larger boulders that were 
inactive during Matthew

C
al

et
a

Cal 1 2.3 1.7 1.0 2.1 - 2.48 5.2 Yes ?

6 7 >80 Subangular; reddish stain on limestone, 
karstified; overturned → downward 
oriented plants; close to cluster of  older 
boulders

Cal 2 8.0 2.8 1.3 15.7 - 2.48 38.9 Yes Few m

6 33 Pre-Matthew, two rock-pool generations 
(+ other post-depositional karst features), 
heavily overgrown, plastic trash in sand 
partly covering the boulder (with very 
light pedogenesis); root penetration into 
the karst cavities; below the boulder dark 
reddish brown sand, pedogenesis and 
dense root network

Cal 3 5.3 3.1 1.5 13.3 - 2.48 33.0 Yes Few m 6 22 Karstified limestone, Cal 3–5 placed in 
shoreline indentation

Cal 4 4.4 2.7 1.2 7.7 - 2.48 19.1 Yes ? 6 17 Closest to the shore within the cluster, 
tossed on Cal 5

Cal 5 3.4 1.4 0.6 1.5 - 2.48 3.7 Yes ? 6 20 Elongated

Cal 6 10.0 3.8 2.0 41.0 - 2.48 101.7 No -

7 64 Elongated; not overturned, but laterally 
turned (180°); heavily overgrown and 
karstified, two rock-pool generations; 
former surface tilted landward; originates 
from cliff  edge; associated with small, 
fresh debris indicating flooding during 
Hurricane Matthew up to this point 

M
aj

ay
ar

a

Boma 1 10.9 4.4 1.1 28.5 31.5 2.37 74.7 Yes 38 m

6.5 38 >50 Quarried from the cliff  edge and 
transported to its current location 
during Hurricane Matthew; overturned, 
underside with deep rock pools; bottom 
roughness extreme, rock pools at current 
cliff  edge of  up to more than 1 m depth

Boma 2 5.9 2.5 1.5 11.9 - 2.37 28.2 Yes <1 m 6.5 50 Older, grey boulder, shifted marginally 
during Matthew

Boma 3 5.9 2.3 1.6 11.7 - 2.37 27.7 No - 8 105 Heavily overgrown in forest (z4), 
overturned 

Tab. 1: Boulders mapped during the field survey. For location see Fig. 2. Boulder volume Vabc is calculated by multiplying the three 
axes and an empirical correction factor of  0.54 derived from other limestone boulders in a comparable setting based on structure-
from-motion data in Boesl et al. (2020). A correction factor in this range is confirmed by other studies in carbonate boulder set-
tings (e.g. Engel & May 2012, Gienko & Terry 2014, May et al. 2015, Dunán-Avila et al. 2025). VSfM values are from Dunán-Avila 
et al. (2025). Density values for Baitiquirí after Beltrán-Fonseca (2019), for Majayara after Dunán-Avila et al. (2025). For Caleta the 
average value between Baitiquirí and Majayara was used; Z=elevation (m); X=distance from the cliff  edge (m).
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subtidal pre-hurricane setting, based on the whitish 
colour and a lack of erosional scars at the cliff edge 
(Fig. 6c,d).

5.1.3 Majayara

Majayara, a site exposed to the northwest, in-
side the Bahía de Boma, is located c. 9 km west of 
Hurricane Matthew’s track (Figs. 1a,d). Only very 
few larger boulders were found on the cliff-top plat-
form. In contrast to the other two sites, sheets, lobes 
or patches of carbonate sand, shell debris and coral 
fragments are absent on top of the platform (Fig. 7c), 
either due to a lack of source material in the foreshore 
or more efficient backwash. The site of Majayara 
shows a very clear shore-parallel zonation, where 
the first c. 15 m from the cliff edge are bare, almost 
black-colored and show the highest degree of karsti-
fication (z1). The zone c. 15–35 m from the cliff edge 
shows low and patchy shrub vegetation (z2), whereas 

the zone 35–50 m is already densely overgrown (z3). 
The zone beyond 50 m is dominated by palmtrees 
and dense undergrowth (z4) (Fig. 7a,i). Most of the 
few boulders on the platform in z2 and z3 show signs 
of recent transport, mostly through a very light color 
(Fig. 7a,c–e,) and based on bitemporal satellite image 
comparison (cf., Fig. 8). Most are very flat (Fig. 7a,c). 
Numerous erosional scars are visible at the cliff edge 
(Fig. 7b, Fig. 8d), even more than at Baitiquirí. The 
largest boulder Boma 1 (a-axis=10.9 m) was quarried 
and transported to its current position on top of the 
carbonate platform by waves of Hurricane Matthew 
(see also Dunán-Avila et al. 2025). Most of the ma-
terial eroded during the hurricane, including large 
boulders comparable to Boma 1, is resting in the fore-
shore (Figs. 7c–e), as reported by a local diver. Boma 
1 is overturned and experienced sliding transport on 
the platform based on continuous impact marks on 
the platform (Figs. 7c,e, 8b) and all over the under-
side of the boulder (former surface of the cliff edge), 
which is covered by deep rockpools. The a-axis of 

Fig. 5: Caleta plate, Part 1. a) Boulder Cal 2, the largest clast at the site with signs of  recent movement (a few metres only; 
Tab. 1). It is located at a distance of  33 m from the shoreline, turned by 180° from its former orientation as part of  the cliff  
edge and rests on a thick finer-grained washover deposit (Fig. 2c). b) Cal 2 shows very deep round karst pipes going through 
almost the whole boulder indicating long-term subaerial chemical weathering. These karst pipes form after transport inland 
along pre-defined vertical cracks and indicate a minimum time span of  several centuries since initial sourcing and transport. 
c) The current and long-term surface orientation is different from its original setting as part of  the former cliff  edge, as 
indicated by two rock-pool generations, where the tilted rock-pool bottom represents the cliff-edge stage. d) Cal 2 resting on 
finer-grained washover deposit with recent root penetration and intercalated plastic (insert). e) Overview of  the Caleta site 
with boulders Cal 1 and 3–5 resting in a shoreline indentation. The omnipresent cover of  finer-grained washover deposits at 
the site starting c. 10 m from the cliff  edge is clearly visible. 
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10.9 m is aligned perpendicular to the transport di-
rection. The abundance of fresh erosional scars at the 
cliff edge is in stark contrast to the lack of fresh boul-
ders on the cliff top. Boulder Boma 2 was one of the 
very few to exist on the platform before Hurricane 
Matthew, most likely for longer time in the range of 
decades at least, based on its dark colour (Fig. 7g); it 
was only shifted for <1 m (Fig. 7f). It shows at least 
two rock pool generations (Fig. 7h). There seem to be 
a number of old boulders hidden by dense vegetation 
in z4 at an elevation of 8 m above msl and up to 100 
m inland from the cliff edge, exemplified by boulder 
Boma 3 (Fig. 7i).

5.2	Dimensionless analysis of  size-elevation re-
lationship

Comparing the largest boulders moved by 
waves of Hurricane Matthews on top of the 6–7 m 
high terrace of the Jaimanitas Formation to other 
global size-elevation data of recent storm-trans-

ported CBD using the approach of Kennedy et al. 
(2021) (envelope function of eq. 6) shows Boma 1 
and Baiti 1 plotting at the uppermost end of the 
global distribution (Fig. 9). Depending on the size 
scale – l (eq. 2) or b-axis –, Boma 1 even plots be-
yond the function defining what is considered pos-
sible during storm transport. The largest boulder 
documented during the whole survey, Cal 6, resting 
relatively far inland at Caleta and not shifted during 
Hurricane Matthew plots beyond the function no 
matter what size measure is applied. 

6	 Discussion

6.1	 Processes of  boulder transport

All three sites show a typical zonation of high-
energy tropical rocky coasts with a cliff and elevat-
ed carbonate platform. The cliff edge is moderately 
to heavily karstified, similar to the high-energy 
coastal model defined by Focke (1978) for Curaçao. 

Fig. 6: Caleta plate, Part 2. a) Cal 1 (Tab. 1) in the shoreline indentation on top of  the palaeo-reef  platform, was sourced at 
the cliff  edge, overturned and transported for c. 7 m. b) Boulder Cal 6 (Tab. 1) is the largest boulder at Caleta (a-axis=10.0 m) 
and was not recently moved. It is also laterally turned for 180° , i.e. the originally seaward facing cliff  edge and upper part of  
the intertidal notch are now facing inland. The largest projected area defined by a- and c-axes are facing the inland flow on 
top of  the platform. Cal 6 is the only boulder at the site showing some indication of  net erosion of  finer-grained washover 
deposits (in the back, on the right). c) Further recently active boulders in the southern part of  Caleta. Their delicate place-
ment either indicates synchronous sliding movement with the larger boulder being pushed under the smaller one, or the 
smaller boulder being pushed onto the larger one by the backwash of  waves overtopping the platform. d) Cluster of  recently 
active boulders in the southern part of  Caleta based on light colouring and a tree trunk stuck underneath the largest boulder.
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Fig. 7: Majayara plate. a) Overview of  the Majayara site with characteristic shore-parallel surface zonation (z1=barren, heavily 
karstified surface; z2=moderately to heavily karstified surface with isolated small shrubs; z3=moderately karstified surface with 
dense overgrowth; z4=palm trees with dense undergrowth). The (unnamed) boulder at the z2/z3 boundary was transported on-
shore during Hurricane Matthew. b) One of  many recent erosional scars at the cliff  edge attributed to cliff  erosion during Hurri-
cane Matthew, with most of  the eroded material deposited in the foreshore. This one is in front of  boulder Boma 1. c) Boma 1 (Tab. 
1) c. 45 m from the cliff  edge at the z2/z3 boundary. Continuous fresh scars on top of  the platform indicating the recent sliding and/
or rolling transport path probably from the cliff  edge to its current position. d) Overturned boulder Boma 1 with the extent of  its 
a-axis (10.9 m) and c-axis (1.4 m). e) Erosional scars indicating the transport path of  Boma 1. f) Boulder Boma 2 was shifted by <1 
m during Hurricane Matthew indicated by light colouring underneath its previous position. g) Boma 2 in z3, close to the boundary 
with z2, with the extent of  its a-axis (5.9 m) and c-axis (1.5 m). h) Two rock-pool generations identified on top of  Boma 2, which is 
turned laterally for 180°. i) Boulder Boma 3 far inland in z4, densely overgrown and without any signs of  recent movement.  
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The general topography is somewhat higher and 
steeper, without a well-defined intertidal surf bench 
constructed of coralline algae and other accretions 
(rather resembling the low-energy, leeward model of 
Focke (1978) in this aspect). The cliff edge repre-
sents the spray zone, followed by the barren zone (z1 
at Majayara), where fine or coarse sediment is either 
transported landward or washed back into the sea. 
Vegetation is absent due to recurring overtopping 
of waves and the strong influence of sea spray. Only 
exceptionally large boulders such as Baiti 1 may rest 
here for a short time right after being sourced at the 
cliff edge, before being transported further inland or 
back into the sea by the backwash of subsequent ma-
jor overtopping waves. The barren zone is followed 
either by a zone of vegetation (z2 at Majayara) or 
sand, shells and coral debris (Baitiquirí and Caleta), 
the latter experiencing strong redistribution during 
major flooding events as indicated by buried boul-
ders and white exposed parts of boulders. The sus-
pended, redistributed sand further may enhance the 

transport capacity of the overtopping waves on the 
platform in a way that is not yet entirely understood 
(Nandasena & Tanaka 2013), which represents an 
additional factor of uncertainty for inverse hydrody-
namic modelling. 

Boulder deposits are found from the barren 
zone (only very recent, large ones) up to the heavily 
overgrown landward zones further inland (z3, z4 at 
Majayara). The landward limit of recurring flooding 
and sediment transport is often marked by ramparts 
or berm ridges, best developed at Baitiquirí and 
usually controlled by the availability of sediment 
material in the foreshore. These represent the finer 
end of the landward fining pattern of clast distri-
bution, which is the result of long-term sorting by 
periodic storm activity at boulder sites (Goto et al. 
2009, 2010, Cox et al. 2018, Lau & Autret 2020); 
sometimes the ramparts are overprinted by aeolian 
processes. Thus, all three sites represent slight vari-
ations of the typical setting and zonation of storm-
dominated boulder sites at tropical carbonate coasts 

Fig. 8: Pre- and post-Matthew satellite imagery (Google Earth, Digital Globe) at the Majayara site (see Fig. 2d for location 
of  satellite images). a,b) Largest boulder Boma 1 (Fig. 7c). Massive light scars on the limestone surface (see also Fig. 7e) in-
dicate a slightly curving transport path from a submerged pre-transport setting in the foreshore. Slight changes in transport 
direction show the stepwise transport during the hurricane with slightly shifting approaching angles of  waves. c,d) Three 
individual boulders north of  a,b), with scars indicating more oblique transport vectors. Quarry niches are much larger than 
the boulders showing that the majority of  rocks quarried from the cliff  edge end up in the foreshore.
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as e.g., described in detail for the east coast/wind-
ward side of Bonaire in the southern Caribbean, 
where, however, these zones are wider and boulders 
are distributed further inland (Scheffers 2002, 
Watt et al. 2010, Engel & May 2012). The width 
of the barren zone and the inland distribution of 
boulders are a function of site-specific Z/Hs values 
during recurring storm events, which are smaller 
on Bonaire compared to the study sites in Cuba. 

Both, recent examples and the morphologies of 
older boulders, e.g. at Caleta, indicate that the cliff 
edge is the primary source of boulders at all three 
sites, which is in accordance with observations from 
cliff tops worldwide (Fichaut & Suanez 2011, Paris 
et al. 2011, Engel & May 2012, Kennedy et al. 2017, 
Kelletat et al. 2020, Lau & Autret 2020, Pedoja et 
al. 2023). After quarrying, boulders are either trans-
ported inland for short distances (e.g. Baiti 1), or 
follow gravitational forces and drop into the sea (cf. 
Kelletat et al. 2020). At Baitiquirí and Majayara, 
the latter seems to be the predominant process given 
the high abundance of fresh erosional scars and the 
low number of cliff-top boulders. 

6.2	Boulder transport during Hurricane Mat-
thew compared to global CBD

The sliding transport of Boma 1 (a-axis=10.9 
m) for 38 m on top of the elevated carbonate plat-
form is an exceptional observation. The transport 

of large boulders during storms usually occurs step-
wise, usually less than 20 m during one event (e.g., 
Goto et al. 2009, Boesl et al. 2020), especially at el-
evations several meters above high tide on a rough, 
highly karstified surface. Such large transport dis-
tances of comparably large boulders during a sin-
gle storm event have been reported from the Aran 
Islands in the northeast Atlantic (Cox et al. 2018) 
or in combination with infragravity waves as in the 
Philippines (Kennedy et al. 2017), but remain rare. 
In contrast, during major tsunamis, longer-distance 
transport of up to several hundreds of meters dur-
ing a single event is not uncommon (Nandasena et 
al. 2014, Watanabe et al. 2023). A general pattern 
of stepwise transport in Cuba up to the general lim-
it of storm transport is also indicated by boulders 
at Caleta showing several rock pool generations re-
sulting from different resting stages on their way 
across the coastal platform.

The combination of size and elevation of CBD 
movement in Cuba during Matthew is at the ex-
treme end compared to datasets of known storm-
transported CBD worldwide. Boma 1 plots beyond 
the corridor defined by the function of Kennedy et 
al. (2021), but only if the b-axis is considered as the 
size measure, mostly reflecting a bias introduced by 
boulder shape. This shows that the function is very 
sensitive to boulder size, which is not yet satisfacto-
rily accounted for in the dimensionless framework, 
while the essential other factors of shape (Oetjen 
et al. 2020), variable fluid density (Nandasena & 

Fig. 9: Dimensionless size-elevation relationship for boulders from Baitiquirí (grey), Caleta (black) and Majayara (blue) 
either moved (closed circles) or not moved (open circles) during Hurricane Matthew. The two diagrams use different simpli-
fied boulder size scales: a)=l (eq. 2); b)=b-axis. The dimensionless parameter space of  boulder transport by storms calcu-
lated by Kennedy et al. (2021) based on global boulder datasets is shown by the red function (eq. 6). 
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Tanaka 2013) or landward distance are not yet 
considered at all. This also applies to factors such 
as bottom roughness, transport mode, turbulence, 
suspension load in the fluid or the effects of vertical 
jets created by wave impacts at the cliff edge, the 
role of which is not yet entirely understood either 
(Kennedy et al. 2017). Further experimental stud-
ies of functional relationships of governing para-
metres are needed and may lead to improvements 
in dimensionless analysis of the transport of CBD 
(e.g., Roberts et al. 2025). 

Boulder Cal 6 was not moved during Hurricane 
Matthews, is located further inland and also plots 
beyond the delimiting function of Kennedy et al. 
(2021). This indicates predecessor events impact-
ing Guantánamo since the mid-Holocene, either 
extreme hurricanes similar to or stronger than 
Hurricane Matthew, passing close to the site, or 
prehistoric tsunamis (see also Pedoja et al. 2023), 
which tend to penetrate further inland and imply 
higher transport capacity and overall longer boul-
der transport distances (Goto et al. 2009, 2010, 
Engel et al. 2016). However, our mapping data at 
the three sites at this point is too selective and not 
sufficiently exhaustive in order to reliably discuss 
spatial patterns of tsunami and storm-built boulder 
fields. Furthermore, it needs to be considered that if 
the boulder transport is older on time scales of mil-
lennia, waves would need to be even more forceful 
due to a lower RSL (Khan et al. 2017) and, thus, a 
larger vertical distance Z. 

6.3	Predecessor events: Storms or tsunamis?

Given the devastating effects of the event of 
2016, hurricanes of similar magnitude or high-
er intensity occurring at recurrence intervals of 
100–500 years in the past (cf. Elsner et al. 2008) 
and making landfall in southeastern Cuba are the 
most straightforward interpretation. Lagoonal 
sediment records from the survey area in south-
eastern Cuba indicate stronger hurricane activity 
during the last 2600 years compared to preceding 
phases, in particular at c. 2600–1800 cal yr. BP and 
500–250 cal yr. BP (Peros et al. 2015), supported 
by overlapping data from Puerto Rico (Donnelly 
& Woodruff 2007). However, the impact of a ma-
jor tsunami in the past cannot be excluded to ex-
plain the transport of the most landward boulders 
of up to >100 t, especially for boulder Cal 6 plot-
ting outside the function of eq. 6 (Fig. 9) suppos-
edly delimiting possible transport by storm waves 

(Kennedy et al. 2021). The only tsunami observa-
tions from the south coast of eastern Cuba stem 
from the city of Santiago de Cuba (Dunán-Avila 
2024). In 1755, the town was reportedly “almost 
completely inundated” from the Lisbon earth-
quake and tsunami with many buildings damaged 
inside the bay (NGDC/WDS no year), although 
this account is associated with uncertainty. A pos-
sible impact in Guantánamo Bay, which based on 
its opening and bathymetry is more exposed to-
wards the Lisbon teletsunami than Santiago de 
Cuba, remains unclear (Cotilla 2011) and might 
be a matter of fragmented historical tradition. 
Another local earthquake in 1775 triggered “waves 
[causing] extensive destruction”. In 1852, “a strong 
surge in the bay affected the port buildings and 
loading docks”, although there is no information 
on the cause. At Baracoa, close to the Majayara site, 
a tsunami of unknown size was reported in August 
of 1946 (NGDC/WDS no year). 

Despite only moderate tsunami impacts report-
ed in historical times, there is a significant hazard 
of regional tsunamis across longer time frames, 
e.g. through oblique convergence at the tip of the 
strike-slip faults along the northern margin of the 
Caribbean Plate (Fig. 1). This hazard prevails in 
particular near Hispaniola and Puerto Rico (Calais 
et al. 1998, Harbitz et al. 2012, Rodríguez-
Zurrunero et al. 2019) and as far west as south-
eastern Cuba (McCann 2006) and the Cayman 
Trough, where on 08 February 2025 a M7.6 earth-
quake (Fig. 1) resulted in a tsunami warning of 1–3 
m height at the southeastern coast of Cuba (NWS 
PTWC 2025), which was later lifted. These earth-
quakes may in addition result in submarine tsuna-
mi-triggering mass-wasting events (Grindlay et al. 
2005, Rodríguez-Zurrunero et al. 2019).

6.4	Hazard implications in a changing climate 

The intensity of hurricanes in the Caribbean 
is expected to increase until 2100 with moderate 
confidence under the influence of anthropogenic 
global warming (Seneviratne et al. 2021). They 
are fuelled by rising sea surface temperatures (SST) 
of 2–3 °C between the 1976–2005 and 2071–2100 
periods under the representative concentration 
pathway RCP8.5 where global emissions continue 
to increase until the end of the century (Bustos & 
Torres 2021). In addition, Atlantic hurricane sys-
tems are slowing down overall under these condi-
tions and will extend the average duration time of 
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the impact and, thus, extend coastal storm surge 
(Kossin 2018, Kossin et al. 2020, Vosper et al. 
2020, Seneviratne et al. 2021). While Saunders & 
Lea (2008) found that an SST increase of 0.5 °C in 
August–September may result in a 40% increase in 
the frequency of hurricanes, a more recent synthet-
ic assessment of model projections predicts only a 
slight increase in the frequency of hurricanes of the 
highest categories 4 and 5 on the Saffir-Simpson 
scale for the North Atlantic basin (Knutson et al. 
2020). 

All these findings, in combination with ris-
ing RSL, lead to higher inundation levels onshore 
during storm conditions (Knutson et al. 2020). 
Despite the fact that the effects of a future pole-
ward shift of hurricane tracks are difficult to assess 
(Seneviratne et al. 2021), the available projections 
imply that flood-prone zones indicated by CBD and 
the landward ramparts should be considered as a 
minimum indication for setbacks in coastal hazard 
management across the province of Guantánamo 
on elevated carbonate platforms – in low-lying 
coastal areas, the flooding hazard is much greater 
and needs to be evaluated separately. 

7	 Conclusions

Coastal boulder movement at the coast of 
Guantánamo during the passage of hurricane 
Matthew, which has been exceptional in this re-
gion on historical time scales, reflects some typi-
cal patterns observed at comparable coastal sites 
worldwide. These include a boulder source at the 
cliff edge, preferential sourcing and clustering at 
shoreline indentations and a stepwise movement 
of boulder inland across multiple flooding events. 
The largest boulders experienced sliding transport 
only, despite the high bottom roughness of the 
karstified surface. To what extent the high concen-
tration of sand, shells and coral debris in the fluid 
(Caleta, Baitiquirí) lowered the bottom roughness 
(as bedload) and increased fluid density and trans-
port capacity (as suspended load) remains open 
– this also applies to the role of boulder-boulder 
collision. Some field observations otherwise rarely 
reported in literature include the high proportion 
of boulders sourced at the cliff edge during the 
hurricane and ending up in the shoreface. A more 
detailed mapping of all boulders at the surveyed 
sites is needed, however, to more accurately evalu-
ate spatial patterns and reconstruct processes and 
time frames. 

Intense karstification observed in the largest 
boulders far inland, which were not moved during 
Hurricane Matthew, indicates an age on centen-
nial or even millennial time scales. These unmoved 
boulders show that despite the relatively low stormi-
ness across Guantánamo in historical times, flood-
ing events even more intense as Hurricane Matthew 
have occurred in the past, at a very low frequency. 
Whether these were exceptional hurricanes or tsu-
namis cannot be determined at this point. However, 
under current scenarios of climate change flood-
prone zones indicated by CBD including the land-
ward ramparts should be considered only as a mini-
mum indication for setbacks in coastal hazard man-
agement across the province of Guantánamo.

The dimensionless relationship between size 
and elevation of the largest boulders moved during 
Hurricane Matthews and the wave heights meas-
ured during the event compares with some of the 
most extreme patterns of boulder movement of 
the global dataset used by Kennedy et al. (2021). 
The boulders from this study plotting close to the 
limit of possible boulder movement by storm waves 
support the approach of dimensionless analysis 
(Kennedy et al. 2021), but also show that it is very 
sensitive towards inaccurate or variable size meas-
ures. Boulder Cal 6 plotting outside this curve in 
different size-measure scenarios may hint to tsu-
nami deposition in the Holocene past.  
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