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ABSTRACT
The northwestern coast of Sal Island (Cape Verde Archipelago) is characterized by a rocky shoreline
that is regularly impacted by Atlantic swells exceeding 4 m in height and 20 s in period. Yet, the only
significant geomorphic expression of wave action is an extensive boulder ridge situated atop a rocky
cliff; up to 80-100 m inland and between 10 and 15 m above present sea level. The presence of meter-
scale boulders within this ridge raises a key question: is it actively shaped by modern storm waves, or is
it a relic of paleo storms, impacting the shoreline during an interglacial period when sea level was
significantly higher than today? To test this hypothesis, we apply a multidisciplinary approach
combining satellite and drone imagery, topographic analysis, hydrodynamic modeling, and empirical
boulder transport thresholds. Our results show that under current conditions, storm waves do not reach
the ridge and cannot generate sufficient flow to mobilize its largest boulders. However, under modeled
higher sea-level scenarios exceeding +5 m, wave runup reaches the ridge, and flow velocities are
sufficient to initiate boulder transport by sliding and overturning. We therefore conclude that the ridge is
a relict feature, most likely emplaced during Marine Isotope Stage Se, when relative sea level in Sal
Island was 5-7 meters higher than today.

Keywords: Extreme waves, Paleo extreme storms, Boulder ridge, Sal Island, Cape Verde



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

90
91
92
93
94
95

PALEO EXTREME WAVES ON SAL ISLAND, CAPE VERDE ARCHIPELAGO.

INTRODUCTION

The study of sea storms affecting global coasts within Earth’s geological past has the potential to shed
light on the impacts that future changes on extreme storms frequency, intensity and direction might have
on coastal environments. The study of paleo storms falls under the field of paleotempestology (Muller et
al., 2017), which is relatively well-developed only for the most recent geological past, namely the
Holocene (Minamidate and Goto, 2024). For this period, several geological proxies formed by extreme
waves allow reconstructing past wave climate in different regions, enabling scientists to link observations
from paleotempestology proxies to long-term and broad-scale climate patterns (Donnelly and Woodruff,
2007).

There are three main broad categories of direct geological proxies of extreme waves onshore: overwash
deposits or deposits in coastal karst basins (e.g., in blue holes), beach ridges, and coastal boulder deposits
(Minamidate and Goto, 2024). Typically, studies seek to identify the anomalous occurrence of high-energy
sedimentary facies within low-energy ones (Engelhart et al., 2019), and aim at quantifying either the
intensity of extreme events (Rodysill et al., 2020) or the recurrence intervals of extreme events in time
(Schmitt et al., 2025) from sedimentological or morphological elements characterizing these proxies, often
in combination with models of different nature that can provide bounds on coastal inundation or wave
flow velocity (Nandasena et al., 2022).

The use of direct wave proxies to study paleo coastal storms is subject to two main challenges. The
first is of methodological nature and resides in the fact that high-energy coastal events might be
overprinted by non-climatic events such as tsunamis, leading to possible misinterpretations (Marriner et
al., 2017). Also, the quantitative assessment of some proxies might rely on assumptions and approaches
that are, by nature, prone to errors and uncertainties (Cox et al., 2020). The second challenge is related to
the preservation of pristine direct wave proxies in coastal environments, which are among the most
energetic on the planet. For this reason, while Holocene storms have been studied at hundreds of sites
globally (Minamidate and Goto, 2024), proxies of coastal storms occurred during other Pleistocene
interglacials are very rare.

One of the most debated lines of evidence of Pleistocene waves are the large boulders and chevron
ridges occurring in Bermuda and the Bahamas (Hearty, 1997; Hearty et al., 1998; Hearty and Tormey,
2017), which were attributed to “superstorms” occurring during the Last Interglacial (125 ka, Hansen et
al., 2016), exceeding in intensity those recorded in the historical times. However, the scientific debate has
been intense over both the wave energy required to emplace the boulders (Hearty and Tormey, 2017,
Rovere et al., 2018, 2017) and over the processes responsible for the emplacement of boulders and chevron
ridges (Mylroie, 2018, 2008; Vimpere et al., 2021). On Santa Maria Island, in the Azores, the comparison
between modern and Pleistocene boulders yielded contrasting results between sites, hindering the
possibility to study paleo wave dynamics in this area (Avila et al., 2020). In the At Monterey Bay,
California, sedimentary structures imprinted on the Santa Cruz marine terrace were used to investigate
paleo wave climate (Dupré, 1984). Southern Hemisphere, the Pleistocene strandplain known as
Remarkable Banks (Robbins Island, Tasmania), was used to gather information on paleo wave climate
(Goodwin et al., 2023) and provided observational evidence that there was, in the mid-to-late MIS Se (126-
119 ka), a poleward shift of ~5° of the westerly storm tracks.

Besides the five locations mentioned above, there are virtually no other sites where direct proxies have
been studied in the attempt of reconstructing Pleistocene wave climate. In this paper, we describe a boulder
ridge located on the northwestern coast of Sal Island, Cape Verde Archipelago (Atlantic Ocean). We use
aerial imagery from both satellite and Unpiloted Aircraft Vehicles (UAV), hydrodynamic models, and
empirical formulas for incipient motion of boulders to test the hypothesis that the formation of the ridge
was only possible under higher-than-present sea-level conditions, and hence that the genesis of this
boulder ridge is to be referred to a former interglacial.

GEOLOGICAL AND HYDRODYNAMIC CONTEXT
Sal is the oldest of the Cape Verde Islands, a mid-plate volcanic archipelago located 600-900 km off
the western coast of continental Africa, between 15° and 17° N latitude. With a complex geological
history, Sal has experienced a long but episodic magmatic evolution, marked by multiple phases of
emergence and submergence since its initial formation in the Early to Mid Miocene. Today, the island
represents a deeply eroded volcanic edifice, its relief largely flattened by marine erosion and
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subsequently uplifted above sea level through a slow Quaternary tectonic trend (Ramalho, 2011, 2010;
Ramalho et al., 2010). As a result, Sal is a low and relatively flat island, characterized by extensive
raised Pleistocene marine terraces—many containing consolidated carbonate beach deposits—arranged
in staircase-like sequences reaching elevations up to 100 m above present sea level (Lecointre, 1965,
1962; Silva and Torres, 1990; Zazo et al., 2010, 2007). This stepped morphology is especially prominent
in the northern part of the island, where a flat, barren platform at ~20 m elevation is punctuated by a few
volcanic cones formed during the island’s final rejuvenated magmatic stage (1.06-0.6 Ma; Holm et al.,
2008; Ramalho, 2011). Here, the coast is rugged and rocky, defined by plunging cliffs made up of
horizontally layered basaltic lava flows and cemented calcarenites. Among these, a prominent Mid-
Pleistocene marine terrace—composed of fossiliferous limestones—stands close to the cliff edge at 10—
15 m above present sea level (Reeb et al., 2024).

Sal belongs to the “Ilhas do Barlavento” or “Windward Islands” of the Cape Verde Archipelago,
which are directly exposed to North Atlantic swells. Along its northern coast, wave conditions are
energetic year-round, with a mean significant wave height of ~1.8 m and average peak period of ~10 s
(Figure 1A), punctuated by extreme swell events exceeding 4 m in height and 20 s in period. These wave
conditions have left a striking geomorphic imprint: a prominent boulder ridge situated 10-15 m above
present sea level along much of the northern and western coasts (Figure 1B,C). This ridge, up to 130 m
wide and located 100—150 m inland from the modern shoreline, consists of clasts with diverse
lithologies—including basalts and marine limestones—and a wide size range, from decimeter-scale
cobbles to boulders several meters in diameter. These clasts were likely quarried and deposited by waves
acting on either the volcanic bedrock or the Mid-Pleistocene limestone platform (Figure 1C).
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Figure 1. Study area. A) The Cape Verde Archipelago, with average significant wave height (colored
contours), peak period (black contours with labels) and wave direction (arrows) extracted from the
Copernicus Marine Environment Monitoring Service WAVeReanalYSis (Lellouche et al., 2018) for the period
1980-2024. “Virtual Buoy” indicates the point of extraction of wave data used as hydrodynamic boundary
conditions for the hydrodynamic models used in this work. B) Map of Sal Island showing the boulder ridge
extent on the North and West coasts (vellow line) and location of the study area, including hydrodynamic
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modelling domain. Sources: Orthophotomap of Sal Island at 40 cm resolution. Unidade de Coordenagdo do
Cadastro Predial (UCCP) do Ministério do Ambiente Habitacdo e Ordenamento do Territorio (MAHOT).
Cape Verde (2010).Bathymetry from GEBCO Compilation Group (2022) GEBCO 2022 Grid
(doi:10.5285/e0f0bb80-ab44-2739-e053-6¢86abc0289c) C) Drone picture showing the boulder ridge along
the northwest coast of Sal Island.

METHODS
High resolution Orthomosaics and Digital Terrain Models

We used aerial images acquired from UAS analyzed with Structure-from-Motion / Multi View Stereo
(SEIM/MVS) techniques to obtain Digital Terrain Models and Orthomosaics of a site in the northern part
of Sal Island. The UAV data was acquired with two different aerial systems in November and December
2019. The aerial images were georeferenced using ground control points measured with differential Global
Navigation Satellite Systems (GNSS). As for this area there are no high-accuracy geoid data to refer GNSS
ellipsoid data to MSL, DTMs were referred to mean sea level subtracting 30.8551 m from the ITRF 2014
ellipsoid, as per the benchmark sheet of the Permanent Service for Mean Sea Level of the PALMEIRA
tide gauge in Sal Island (Station ID 1914) and available levelling data (Donal and Poyard, 2015).

The first UAV survey was done on November 27", 2019. We used a quadcopter DJI MAVIC PRO
drone set on an automated “double grid” path via the “Pix4d Capture” app. We used Agisoft Metashape
2.1.3 to process more than 2700 images divided in three chunks (that were aligned after the calculation of
the dense point cloud), each georeferenced to real-world easting, northing and orthometric height
coordinates with seven Ground Control Points (GCPs) measured with a pair of EMLID RS+ GNSS
configured as Rover-Base, with precise positioning obtained processing the base data with data from the
CAP-VERT Espargos GNSS Station (IGS ID: CPGV, with RINEX data retrieved from SONEL,
https://www.sonel.org/?page=gps&idStation=3597). The area covered in the November 2019 survey is
~14 ha.

The second UAV survey was conducted between December 18" and 19", 2019, less than one month
after the previous one, using a eBee Plus RTK in PPK mode, equipped with a Sensefly SODA Camera
with 20 MP of resolution. A lateral overlap of 70% and longitudinal overlap of 60% were used. A Trimble
R4 Base station in static mode was installed in the flight area for post-processing. The base station
coordinates were obtained using the Precision Point Positioning Service from Natural Resources Canada
and projected in WGS84 UTM Zone 27N, with ellipsoid heights corresponding to ITRF 14 (2019.9).

To assess the differences between the two DTMs, we used the software Cloud Compare. First, we co-
registered the two DTMs in the Z coordinate using 80 coregistration points, identified as no-change points
in the two orthomosaics (e.g., areas of bare rock, shrubs or ground that remained unchanged between the
two acquisitions). Using the “Finely register already aligned entities” command (RMS difference=1073,
we aligned the Z coordinates of the December 2019 DTM to the elevation of the November 2019 Z at
each coregistration point. In this processing, we did not allow for rotation on and translation on the XYZ
axis, only allowing translation on the Z axis. We then used the “Cloud to Cloud distance” tool to calculate
the elevation (Z) difference between the December 2019 and the November 2019 DTMs (the latter used
as reference).

Satellite data analysis

To identify the satellite images corresponding to the most energetic wave conditions, we first extracted
the timestamps from all available multispectral images acquired by Landsat 8, Landsat 9, and Sentinel-2,
covering the period from 2013 to 2025. Each timestamp was matched with the closest corresponding
record in a wave time series obtained from the Copernicus Marine Environment Monitoring Service
(WAVeReanalYSis dataset; Lellouche et al., 2018), considering only matches within a two-hour time
window. For each image, we extracted the significant wave height (VHMO), peak wave period (VTPK),
and mean wave direction (VMDR). We then selected the 25 records with the highest wave heights and the
25 with the highest wave periods, removed duplicates, and retained a final set of 46 satellite images. These
selected images were imported into QGIS, where the inland extent of wave reach (whitewater) was
manually digitized for each image. After excluding scenes affected by excessive cloud cover, whitewater
lines were successfully delineated for 23 images. The image coupled with the highest wave height was
retrieved by Landsat 8 at on March 1*, 2018 at 11:51 AM (GMT), corresponding to a wave height of 4.4m
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and a peak wave period of 16.4s with a direction of 327.7° N.

To assess whether any visible morphological changes occurred in the boulder ridge over time, we
examined historical aerial imagery available through the Google Earth platform using its historical imagery
tool. We identified and extracted high-resolution images spanning multiple years and compared them
visually. The timing of each image was matched with offshore wave conditions using data from the
Copernicus Marine Environment Monitoring Service WA VeReanalY Sis dataset.

Hydrodynamic modelling

To simulate waves breaking in the study area, we employ the hydrodynamic model XBeach (Roelvink
et al., 2010). We use the non-hydrostatic mode of XBeach, which allows modelling the propagation and
decay of individual waves. To obtain a seamless topo bathymetric map, we interpolated the December
2019 DTM obtained from UAV with digitized bathymetric charts of northern Sal Island (Figure 2A, D-
H). For the interpolation, we used the TopoToRaster tool of ArcGIS pro (ESRI), inserting as zero contour
the shoreline manually digitized on the orthomosaic from the December 2019 UAV flight. To the
shoreline, we imposed a “cliff” contour type to make the transition between onland and sea topography
sharper, reproducing the shallow plunging cliff observed in the study area. The result of this operation was
a 2 m topo bathymetric DTM of the study area. The DTM was then interpolated onto an irregular grid
created with Delft Dashboard (Van Ormondt et al., 2020). The irregular grid was created with a spacing
of 2.7 m onshore and 5.5 m offshore (Figure 2B,C). The model extends from ~16 m above sea level to
the isobath of -100 m. As the coastline in the study area is rocky and we were not interested in sediment
transport, we set the entire model domain as non-erodible. We set the bed friction coefficient (manning
value) at 0.04, that is slightly lower than the values used for karstified rocky coasts (Pignatelli et al., 2009).
The break formulation used is “roelvink daly”, which works best when arbitrary breakpoints are present
in the wave propagation field (Daly et al., 2011), that is a common occurrence on rocky coasts. Each model
was run for one hour.

The wave boundary conditions (significant wave height, peak wave period, peak direction) were
extracted from the Copernicus Marine Environment Monitoring Service WAVeReanalY Sis (Lellouche et
al., 2018) at a virtual wave buoy located offshore the northern part of Sal Island (WGS84
Latitude/Longitude: 17.1063 /-23.1701 degrees, Figure 1A, Supplementary Figure 1B). We ran XBeach
with the boundary conditions shown in

Table 1. We ran a set of ten simulations with the maximum wave height recorded at the virtual buoy
and
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simulation was run with the wave conditions corresponding to the wave height recorded in correspondence
with the Landsat 8 imagery taken on March 1*, 2018 at 11:51 AM (GMT).
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Figure 2. Model grid and topography. A) Topo-bathymetric map interpolated from UAS data and
bathymetric charts. B) and C) respectively, grid mesh onshore and offshore. D-H) example of topo-
bathymetric transects drawn on the topo-bathymetric map. The image background (grayscale orthophoto) is
derived from ESRI World Imagery (Sources: Esri, Maxar, Earthstar Geographics, and the GIS User

Incipient boulder motion

Community)

Land-based SfIM/MVS methods were used to assess the dimensional parameters of seven coastal
boulders located onshore on a limestone outcrop towards the center of the XBeach model domain. Photos
of each boulder were acquired at a distance of less than 10 m using a Sony DSC-RX100M3 camera (8.8
mm focal length; 5472 x 3648 resolution). The SIM-MVS processing was carried out in Agisoft
Metashape 2.1.3 in order to extract the point clouds representative of boulder dimensional features. Scale
bars were used during the SEIM/MVS process to scale and optimize the point clouds. Point clouds were
then imported into the Cloud Compare software (v.2.13.1) to extrapolate the “ab” and “ac” surfaces
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following the approach described by Nandasena et al., 2022 (see Scardino et al., 2025 for a recent
application). The surfaces were converted to meshes and translated to planar projections to determine
their projected surfaces and axial lengths (a > b > c). Finally, the actual volumes of each boulder were
calculated in Cloud Compare. As bulk densities, we used 2300 kg/m? for limestone boulders, 2500 kg/m?
for boulders with mixed volcanic rock (basalt) and limestones, and 2800 kg/m? for boulders composed of
volcanic rock (basalt). To calculate the minimum flow velocities required to move each boulder, we
applied the incipient-motion formulas of Nandasena et al., 2022, using the coefficients shown in Table 2.
Among the pre-transport conditions reported in Nandasena et al., 2022, we only calculated threshold
flow velocities for submerged or subaerial isolated boulders or joint-bounded boulders, as in the study
site we did not survey cliff-edge boulders.

Table 2. Coefficients used to calculate the minimum flow velocity to transport boulders.

Cocefficient Value
Drag 1.5
Lift 0.7
Static Friction 0.5
Bed angle 0.05°
RESULTS

The aim of this work is to test the hypothesis that the boulder ridge located on the northwestern coast
of Sal Island was formed under higher sea-level conditions, and it is therefore a relic feature formed by
waves during a former interglacial rather than the result of historical wave action. The first step in our
hypothesis-testing was to investigate whether historical storm waves can reach the boulder ridge with
enough force to modify its morphology. Analyzing the inland reach of the whitewater produced by
breaking waves on Landsat 8, 9 and Sentinel 2 images (Supplementary Table 1), we verified that, among
the 23 images available taken during days of high wave heights and periods, in none of the images the
whitewater reached the boulder ridge (Figure 3A, Supplementary Figure 1A), remaining 80-100 meters
far from it in most of the study area. This provides a first confirmation that waves, today, cannot reach
the boulder ridge.

Further evidence that historical wave events have not significantly altered the boulder ridge comes
from the visual inspection of historical aerial imagery available in Google Earth, dating back to 2005
(Supplementary Figure 2A—L). These images show no visible changes to the morphology of the boulder
ridge or displacement of the large boulders, despite the area having been impacted by several major
swells during the period analyzed (Supplementary Figure 2M,N). Additional confirmation is provided by
the two UAS surveys conducted nearly one month apart (Supplementary Figure 3A,B), a period that
included a major swell event with significant wave heights reaching up to 4 m and peak wave periods up
to 18 s (Supplementary Figure 3C,D). While field observations revealed some movement of small
boulders, sand, and marine litter at the base of the ridge, a comparison between the two high-resolution
DTMs indicates only minimal topographic change (Supplementary Figure 3E).

These results suggest that under current sea-level and wave conditions, storm waves are unable to
reach or significantly modify the boulder ridge. Therefore, to estimate how much higher sea level must
have been during a past interglacial for waves to reach and impact the boulder ridge, we analyzed the
outputs of XBeach hydrodynamic simulations run under varying sea-level scenarios. As a preliminary
step, we validated the model by comparing the simulated wave runup with the observed inland extent of
whitewater in the satellite image acquired during the most energetic storm event captured in the satellite
imagery dataset—March 1st, 2018 (Figure 3A, Supplementary Figure 1C, Supplementary Table 1). This
validation confirms a close correspondence between the modeled runup and the whitewater reach
observed in the imagery (Supplementary Figure 1D), supporting the reliability of the model in
reproducing wave behavior under present-day conditions. We then ran a suite of simulations in which
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sea level was incrementally raised up to +8 meters relative to present. The results show that wave runup
progressively extends further inland with rising sea level: the boulder ridge is first reached when sea
level exceeds +5 meters and is fully overtopped by waves at +7 meters (Figure 3B).
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Figure 3. Satellite data analysis and wave modelling. 4) Map of the central part of the modelling domain
showing: i) reach of waves (whitewater) mapped from satellite data (transparent blue lines) For the same
mapping over the complete XBeach modelling domain, see Supplementary Figure 14, ii) comparison between
the whitewater reach of waves during the swell occurred on March I*', 2018 mapped on the corresponding
Landsat 8 image and the runup modelled via XBeach under modern sea level for the same swell (vespectively,
continuous and dashed white lines); iii) modelled wave runup for the sea level scenarios of 6-7-8 meters
(colored dashed lines) and the position of the highest part of the boulder ridge (yellow continuous line). In
the panel is also shown the location of the seven isolated large boulders mapped in this work (black dots) and
the area where the flow velocity has been extracted from the XBeach model. The image background
(grayscale ortophoto) is derived from ESRI World Imagery (Sources: Esri, Maxar, Earthstar Geographics,
and the GIS User Community) and from the December 2019 UAS survey (colored ortophoto). B) Distance
from the beach ridge reached by wave runup in the XBeach simulations under different sea-level scenarios.
Positive values (to the left) indicate that the runup remains seaward of the ridge, while negative values (to the
right) indicate that the runup overtops the ridge.

To assess whether wave-driven flow under higher sea-level scenarios could mobilize the largest
boulders present in the study area, we first characterized seven representative blocks in terms of size,
volume, and density (Supplementary Figure 4). These boulders range in volume from 1.2 to 25.3 m* and
in mass from 3 to 58.2 metric tons (Supplementary Table 2). Their lithology includes pure limestone,
volcanic rock (basalts), and composite blocks of limestone embedded with basaltic cobbles. To define
the most plausible pre-transport setting for these boulders, we examined the modern coastline, where
carbonate blocks are currently being undercut by differential erosion between the more resistant basalt
and the softer limestone. This process appears to form structural notches at the base of limestone
outcrops, which over time may lead to the detachment and isolation of subaerial boulders, in accordance
with the classification of Nandasena et al. (2022). Based on this observation, we adopt the
“subaerial/submerged isolated boulder” pre-transport setting in our threshold flow velocity calculations.

Based on this classification, we then compared modeled flow velocities from the XBeach simulations
with empirical threshold values for three transport modes relevant to the submerged or subaerial isolated
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pre-transport setting: sliding, overturning, and saltation. Under present-day sea-level conditions, none of
the boulders reached the flow thresholds required for any mode of transport, confirming that modern
storm waves are insufficient to affect the ridge (Supplementary Table 3). As sea level is progressively
raised in the model, all boulders exceed the sliding threshold at relatively modest increases (e.g., +1 to
+2 m; Figure 4), while surpassing the overturning threshold requires higher sea levels (e.g., +4 to +5 m;
Figure 4). In contrast, the saltation thresholds remain largely unmet across the full range of modeled
scenarios. However, in a few cases, modeled flow velocities approach these thresholds—particularly for
lighter or more favorably shaped boulders—suggesting that such transport modes could become
plausible under even more extreme sea-level rise or more intense wave energy conditions (Figure 4).

Saltation
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Figure 4. Boulder transport under different sea-level scenarios. Heatmaps showing the relative wave-induced

flow intensity experienced by each boulder under different sea-level scenarios for the four transport modes:

sliding, overturning, saltation (for submerged or sub-aerial isolated pre-transport setting). Each cell displays the

ratio between the maximum modeled flow velocity at the boulder location and the empirical threshold flow

velocity required to initiate transport for that specific mode, as defined by Nandasena et al. (2022). Values < 1
indicate that the modeled flow is insufficient to mobilize the boulder. Values = I suggest the flow is close to the
threshold for movement. Values > 1 indicate that the boulder could be mobilized under the modeled conditions.

For visualization purposes, all values are capped at 1.5. Color intensity reflects proximity to the transport
threshold, with darker shades indicating higher modelled flow relative to the required threshold.

DISCUSSION

By integrating satellite imagery, historical aerial photographs, repeat UAS surveys, and wave
reanalysis data, we demonstrate that under present sea-level conditions, storm waves on the northwestern
coast of Sal Island lack the energy to reach or modify the boulder ridge. The consistent absence of
whitewater intrusion across the ridge, the lack of detectable morphological change over nearly two
decades of imagery, and the minimal topographic variation captured by high-resolution UAS-derived
DTMs all provide multiple, independent lines of evidence pointing to the same conclusion: the ridge has
remained stable throughout the historical and modern record. In the absence of continuous in-situ
monitoring, this represents the most robust assessment currently achievable for wave impact and coastal
stability in the area.

These lines of evidence strongly support the interpretation that the boulder ridge on the northwestern
coast of Sal Island is a relict feature, emplaced under sea-level conditions that no longer exist today. Our
analysis shows that under present-day conditions, storm waves do not reach the ridge, nor is there
evidence of recent morphological change in its structure. Even when sea level is incrementally raised in
numerical simulations, wave runup reaches the ridge only when sea level exceeds +5 m, and full
overtopping occurs above +7 m relative to present. Importantly, the modeled flow velocities under
higher sea-level scenarios are sufficient to exceed the thresholds for boulder transport by sliding and
overturning, indicating that movement of even the largest blocks is physically plausible under these
conditions. In contrast, saltation—the most energetic and hydrodynamically demanding transport
mode—remains largely unattainable across all scenarios, although some boulders approach the
necessary thresholds under extreme conditions. On the other hand, the flow depth modeled via XBeach
exceeds the height of the c-axis when the sea level surpasses +5 m. These findings suggest that while
modern conditions are insufficient to explain the formation or modification of the ridge, it could have
been emplaced during a past period of significantly elevated sea level, likely associated with a former
interglacial highstand.
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While our results strongly support the interpretation of the boulder ridge as a relict feature formed
under higher sea-level conditions, several methodological limitations should be acknowledged. First, the
XBeach simulations were conducted over a limited portion of the northern Sal Island coastline. Although
the study area is representative of the broader ridge morphology, it does not fully capture the spatial
variability of coastal topography and wave exposure observed along the entire northern coast. Second,
the absence of in-situ wave data—particularly across-shore wave dissipation profiles—precluded a full
calibration of the hydrodynamic model. Although the modeled runup closely matched the observed
whitewater extent during the March 1st, 2018, storm event, a more robust calibration against empirical
measurements would be necessary to reduce uncertainty in the absolute values of modeled flow
velocities. Third, our satellite-based analysis is constrained to individual image acquisition times. As
such, we cannot rule out the possibility that whitewater may have reached further inland during
unsampled moments of storm events, although no persistent evidence of wave impact was detected.
Fourth, the wave forcing data used in both the satellite match-up and hydrodynamic modeling were
derived from the WAVeReanalYSis product (Lellouche et al., 2018). While this dataset has been
validated for accuracy in various settings, it remains a model-based product and may underrepresent the
intensity of peak swell events, potentially leading to conservative estimates of wave runup. Lastly, while
we based our threshold flow velocity estimates on measured boulder dimensions and well-established
empirical equations, uncertainties remain in the exact pre-transport setting, the hydrodynamic exposure
of individual clasts, and the topography at the time of transport (which could have been different from
the modern topography we used as boundary condition in our models).

Taken together, these limitations suggest that our estimates of the wave conditions required to
mobilize the ridge are likely conservative. Nonetheless, the convergence of multiple lines of independent
evidence—from satellite data, historical imagery, UAS surveys, and numerical modeling—provides a
strong basis for concluding that modern storm conditions are insufficient to explain the emplacement of
the ridge. This reinforces the interpretation of the feature as a legacy of past high-energy, high sea-level
conditions.

A key question that needs to be answered is which interglacial period may have been responsible for
its deposition. Previous studies on the southern coast of Sal Island dated shallow-water marine fauna
found at +2.5 m above present sea level to Marine Isotopic Stage (MIS) 5e (Zazo et al., 2007), and
correlated Pleistocene limestones on the western and northern coasts, found at +5 to +6 m, to the same
interglacial (Zazo et al., 2010, 2007; Reeb et al., 2024). This elevation range is lower than the carbonate
buildup at our study site and from which the boulders were likely sourced, which is located at elevations
between 10 and 15 m and with its age being attributed to the Mid Pleistocene (775-129 ka), and possibly
associated with MIS 11 or MIS 9 (Reeb et al., 2024). This suggests that the boulders were plucked,
transported and emplaced during MIS 5Se, when local sea level was 5-6 m higher than the present day.
Moreover, if deposition had taken place during one of these older interglacials, such an interpretation
would require the boulders to have remained in place, unmodified, through subsequent sea-level
highstands—most notably MIS 5e. Given the evidence for significant sea-level rise during MIS Se
(locally, at least +5-6m, Zazo et al., 2007), it is more likely that any older deposits would have been
reworked during that time. Therefore, the lack of evidence for reworking and the elevation of the source
platform both support an MIS 5e origin for the boulder ridge.

The question of whether MIS 5e was characterized by storms more intense than those of the
Holocene has long been debated, particularly in the context of boulder ridges and high runup deposits
observed in Bermuda and the Bahamas (Hearty, 1997; Hearty et al., 1998; Hearty and Tormey, 2018,
2017; Rovere et al., 2018, 2017). Using numerical models like those employed in the present study,
Rovere et al. (2017) challenged the hypothesis that “superstorms” were necessary to explain the
emplacement of large boulders during MIS 5Se. Their results indicated that elevated sea levels alone
could account for the observed inland transport of boulders, without requiring unusually high wave
energy. Accepting the hypothesis that the boulder ridge on Sal Island formed during MIS Se, our results
align with this view: the modeled wave runup and flow velocities under elevated sea-level scenarios are
sufficient to explain boulder transport without invoking storm conditions more extreme than those
occurring today. This is further supported by a comparison of modeled wind fields in the broader study
region (Scussolini et al., 2023), which shows that while average wind speeds during MIS 5e appear
slightly lower than those of the present interglacial, the top 10% of wind speeds—those most relevant for
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storm-driven wave events—are comparable between the two periods (Figure 5). This suggests that
boulder transport during MIS 5e may have occurred under wind-generated swells similar to those of
today, but amplified by higher sea levels, rather than by an increase in storm intensity.

Mean Wind - PI Top 10% Wind - PI

Mean Wind - LIG Top 10% Wind - LIG
- - g ST

AR, L L

0 2 4 6 8 10 12 14 16
Wind Speed [m/s]

Figure 5. Wind field comparison between the Pre-Industrial (PI) and Last Interglacial (L1G) periods. Data
from Scussolini et al. (2023). Left column shows mean wind speed and direction, right column shows the
average of the top 10% strongest wind events. Wind vectors indicate direction and relative magnitude.

An open question regarding the boulder ridge on the northern coast of Sal Island is whether its
morphology has been modified by one or more paleo-tsunamis following its initial deposition. Certain
features of the ridge suggest this possibility. In its northernmost sector, for instance, the ridge becomes
unusually wide—extending up to 130 m inland from the seaward edge—and lacks a distinct crest,
resembling more a dispersed boulder field than a classic storm-constructed ridge. In addition, isolated
large boulders are found significantly inland from the main ridge alignment, which could point to
episodic high-energy transport beyond what is typical of storm processes.

These observations might be interpreted as evidence of a tsunami overprint. However, they contrast
with the dominant morphological organization observed along most of the ridge, where boulders are
arranged in landward-facing cusps aligned with ramp-like erosional corridors carved into the cliff. This
kind of repeated and spatially organized pattern is more characteristic of storm-wave activity, consistent
with ridge emplacement during a past interglacial highstand—likely MIS 5e.

Nonetheless, a tsunami-related disturbance cannot be entirely ruled out. In particular, the
megatsunami generated by the catastrophic flank collapse of Fogo volcano—dated to ~68—73 ka—
represents a plausible candidate. This event, originating in the southwestern part of the archipelago, is
well documented through chaotic boulder deposits and conglomerates on other Cape Verde islands
(Costa et al., 2021; Madeira et al., 2020; Paris et al., 2018, 2011; Ramalho et al., 2015). For the resulting
wave to affect the northwestern coast of Sal Island, it would have had to travel northward and refract
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around Sal Island. Crucially, this collapse occurred during a period of lower sea level (estimated at —
30 m to —80 m relative to present, (Gowan et al., 2021; Miller et al., 2011; Spratt and Lisiecki, 2016)),
meaning that any wave reaching Sal’s coast would have needed considerable height and energy to
transport boulders far inland at elevation significantly above relative sea level at the time of transport, a
process well documented from field evidence in the more proximal coastlines of the tsunami source
(Ramalho et al., 2015).

CONCLUSION

This study tested the hypothesis that the prominent boulder ridge on the northwestern coast of Sal
Island was emplaced during a past interglacial, rather than by modern storm activity. Through a
multidisciplinary approach—combining satellite and drone imagery, topographic surveys, hydrodynamic
modeling, and boulder transport empirical equations—we provide multiple, independent lines of
evidence that converge on the same conclusion: under present sea-level conditions, storm waves do not
reach the ridge, and no recent morphological change is detectable. Numerical simulations show that the
ridge is only reached when sea level is raised above +5 m, and that flow velocities under these scenarios
are sufficient to transport even the largest boulders by sliding and overturning. Wind modeling further
indicates that the most intense storm events during the Last Interglacial (MIS 5e) were comparable to
those of today, suggesting that elevated sea level—rather than extraordinary storm intensity—was the
key driver of ridge formation.

While our conclusions are supported by consistent results across methods, limitations remain. These
include the restricted spatial extent of the model domain, the absence of in-situ wave calibration data,
and the potential underestimation of extreme wave conditions in the reanalysis products. Moreover, a
tsunami overprint—particularly from the ~70 ka flank collapse of Fogo volcano—cannot be excluded,
especially given the inland dispersion of some boulders.

Nonetheless, the dominant morphology of the ridge and the modeling results support a storm-wave
origin tied to MIS 5e sea-level conditions. As a well-preserved record of coastal processes during a past
highstand, this site offers rare insight into how rising sea levels—even in the absence of stronger
storms—can amplify wave-driven coastal hazards. In the context of ongoing climate change, these
findings highlight the importance of understanding the interaction between sea level and wave energy in
shaping high-energy coasts.
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SUPPLEMENTARY FIGURES
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Supplementary Figure 1. A) Reach of whitewater mapped from satellite imagery compared to the position of
the ridge over the entire modelling domain. The image background (grayscale ortophoto) is derived from ESRI
World Imagery (Sources: Esri, Maxar, Earthstar Geographics, and the GIS User Community) and from the
December 2019 UAS survey (colored ortophoto). B) Significant wave height and peak wave period extracted
from the Copernicus Marine Environment Monitoring Service WAVeReanalYSis (Lellouche et al., 2018) at a
virtual wave buoy located offshore the northern part of Sal Island (WGS84 Latitude/Longitude: 17.1063 / -
23.1701 degrees). In the panel are highlighted the wave conditions corresponding to the available satellite
images (blue dots) and the wave conditions corresponding to the March 1*', 2018 Landsat 8 imagery. In the
image is also indicated the highest significant wave height in the record, alongside with its associated period
and direction, which were used in the XBeach modelling. C) Landsat 8 image acquired during a swell on
March 8", 2018, with corresponding mapped whitewater (continuous white line) and modelled runup (dashed
white line). D) Distance between the whitewater and the wave runup reached in the XBeach simulations.
Positive values (to the left) indicate that the modelled runup underestimates the observed whitewater, while
negative values (to the right) indicate that the runup overestimates the observed whitewater.
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Supplementary Figure 2. A-L) Historical aerial imagery of the study area retrieved from Google Earth,
showing the state of the boulder ridge at different times. M—N) Time series of significant wave height (VHMO0)
and peak wave period (VTPK), respectively, with blue bands indicating the months during which each
historical image was acquired. Wave data were obtained from the Copernicus Marine Environment Monitoring
Service WAVeReanalYSis dataset (Lellouche et al., 2018), using a virtual wave buoy positioned offshore of
northern Sal Island (WGS84 coordinates: 17.1063° N, 23.1701° W).
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635
636 Supplementary Figure 3. A—B) Orthomosaics from UAS surveys conducted in November and December 2019,
637 overlaid with hillshade for enhanced topographic visualization. The background in both images is a grayscale
638 orthophoto derived from ESRI World Imagery (Sources: Esri, Maxar, Earthstar Geographics, and the GIS User
639 Community). C—-D) Time series of significant wave height and peak wave period recorded between the two UAS
640 surveys. Wave data were obtained from the Copernicus Marine Environment Monitoring Service
641 WAVeReanalYSis dataset (Lellouche et al., 2018), using a virtual wave buoy positioned offshore of northern
642 Sal Island (WGS84 coordinates: 17.1063° N, 23.1701° W). E) Topographic difference between the two digital
643 terrain models (DTMs), highlighting changes that occurred over the one-month interval. The background
644 image is the November 2019 UAS orthomosaic.
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Boulder axes in meters (white labels), weight in metric tonnes (black labels)
Supplementary Figure 4. Isolated boulders mapped in the study area. A) Location of the boulders. The

background image is the November 2019 UAS orthomosaic. B-H) Images, dimensions and weights of the seven
boulders mapped in this work.
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649 SUPPLEMENTARY TABLES

650

651 Supplementary Table 1. Metadata for the 46 satellite images selected based on matching wave energy

652 conditions. The table reports the image ID, acquisition date and time, significant wave height (VHMO, in

653 meters), peak wave period (VITPK, in seconds), and mean wave direction (VMDR, in degrees from north), along

654 with the time difference (in minutes) between image acquisition and the closest wave data record. The final

655 column indicates whether each image was accepted for whitewater digitization or rejected due to cloud cover

656 or insufficient visibility.

. Time
e ot VI VI VDR it il
(minutes)

2018-03-01-11-51-29 L8 209049 01/03/18 11:51 4.39 16.38 327.71 8.5 A
2016-02-19-12-06-53_S2 27QTU 19/02/16 12:06 4.05 10.26 24.63 6.9 A
2018-11-19-11-57-30_L8_210048 19/11/18 11:57 3.97 17.06 330.35 2.5 A
2018-11-18-12-16-58_S2_27QTU 18/11/18 12:16 3.93 18.89 331.74 17.0 A
2021-02-27-12-07-08_S2_27QTU 27/02/21 12:07 3.72 10.71 23.07 7.1 A
2015-12-21-12-07-16_S2_27QTU 21/12/15 12:07 3.68 16.43 341.98 73 A
2020-01-09-11-57-46_L8_210048 09/01/20 11:57 3.61 9.33 37.92 2.2 A
2020-01-09-12-07-04_S2_27QTU 09/01/20 12:07 3.61 9.33 37.92 7.1 A
2020-10-30-12-07-12_S2_27QTU 30/10/20 12:07 3.6 18.69 13.66 7.2 A
2019-12-18-12-16-59_S2 _27QTU 18/12/19 12:16 3.53 15.33 358.15 17.0 A
2021-03-07-12-17-04_S2_27QTU 07/03/21 12:17 3.52 8.43 10.88 17.1 A
2018-04-19-12-06-57_S2_27QTU 19/04/18 12:06 3.5 15.99 344.4 7.0 A
2018-11-10-12-07-06_S2_27QTU 10/11/18 12:07 341 18.81 542 7.1 A
2022-11-30-11-58-08 L8 210048 30/11/22 11:58 3.11 19.27 335.12 1.9 A
2022-03-12-11-51-45_L8 209049 12/03/22 11:51 2.98 19.37 5.46 8.3 A
2022-03-12-12-17-08_S2_27QTU 12/03/22 12:17 2.98 19.37 5.46 17.1 A
2018-01-19-12-06-49_S2 27QTU 19/01/18 12:06 2.9 19.33 20.94 6.8 A
2020-02-18-12-07-03_S2_27QTU 18/02/20 12:07 2.57 19.39 359.46 7.1 A
2017-02-17-11-57-30_L8_210048 17/02/17 11:57 2.48 20.26 342.71 2.5 A
2022-11-07-11-52-25 L8 209049 07/11/22 11:52 231 18.49 344.16 7.6 A
2017-11-09-11-52-03_L8_209049 09/11/17 11:52 1.8 18.07 358.61 8.0 A
2016-01-10-12-07-14_S2_27QTU 10/01/16 12:07 1.77 19.24 356.6 7.2 A
2022-12-04-12-07-09_S2_27QTU 04/12/22 12:07 1.28 18.73 343.33 7.2 A
2018-02-28-12-06-52_S2 _27QTU 28/02/18 12:06 4.61 18.67 327.63 6.9 R
2018-03-01-11-51-05_L8 209048 01/03/18 11:51 4.39 16.38 327.71 8.9 R
2017-03-30-11-51-22_L8_209049 30/03/17 11:51 3.77 18.07 344.08 8.6 R
2017-03-30-11-50-58_L8_209048 30/03/17 11:50 3.77 18.07 344.08 9.0 R
2021-01-11-11-57-46_L8 210048 11/01/21 11:57 3.69 9.48 38.37 2.2 R
2021-01-11-12-17-03_S2_27QTU 11/01/21 12:17 3.69 9.48 38.37 17.1 R
2016-02-15-11-57-30_L8 210048 15/02/16 11:57 3.65 9.74 24.85 2.5 R
2019-12-17-11-52-04_L8 209049 17/12/19 11:52 3.65 17.57 6.11 7.9 R
2019-12-17-11-51-40_L8_209048 17/12/19 11:51 3.65 17.57 6.11 8.3 R
2014-01-08-11-58-51 L8 210048 08/01/14 11:58 3.55 16.78 335.1 1.2 R
2015-02-21-11-51-36_L8 209049 21/02/15 11:51 3.51 9.77 25.35 8.4 R
2015-02-21-11-51-12_L8 209048 21/02/15 11:51 3.51 9.77 25.35 8.8 R
2022-03-02-12-17-08_S2_27QTU 02/03/22 12:17 3.48 16.01 15.62 17.1 R
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2022-03-12-11-51-21_L8_209048
2018-01-19-11-57-35_L8_210048
2022-11-07-11-52-01_L8_209048
2022-03-20-11-51-47_L9_209049
2022-03-20-11-51-23_L9_209048
2018-02-21-12-16-48_S2_27QTU
2017-11-09-11-51-40_L8_209048
2014-10-16-11-52-01_L8_209049
2014-10-16-11-51-37_L8_209048
2019-10-26-12-07-10_S2_27QTU

12/03/22 11:51
19/01/18 11:57
07/11/22 11:52
20/03/22 11:51
20/03/22 11:51
21/02/18 12:16
09/11/17 11:51
16/10/14 11:52
16/10/14 11:51
26/10/19 12:07

2.98
2.9
231
231
231
1.86
1.8
1.39
1.39
1.08

19.37
19.33
18.49
18.2
18.2
19.47
18.07
18.98
18.98
18.53

5.46
20.94
344.16
8.53
8.53
11.14
358.61
17.77
17.77
18.25

8.7
2.4
8.0
8.2
8.6
16.8
8.3
8.0
8.4
7.2
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659
660 Supplementary Table 2. Main dimensions (a-, b-, and c-axes), calculated volume, estimated mass, and assumed
661 lithological density for the seven boulders surveyed in the study area. Volumes were derived from 3D models
662 generated via Structure-from-Motion/Multi-View Stereo (SfM/MVS), and masses were calculated based on
663 measured volume and estimated rock density.
Boulder Aaxis B axis C axis Actual Actual Density
D (m) (m) (m) Volume Mass (ke/m’)
(m’) ®
1 4.2 3.5 1.3 13.6 31.3 2300
2 3.8 2.0 1.5 8.9 22.3 2500
3 5.7 3.1 1.9 17.8 44.4 2500
4 4.0 3.1 2.5 16.4 40.9 2500
5 2.1 1.7 1.5 3.0 8.5 2800
6 5.7 3.2 1.5 253 58.2 2300
7 2.1 1.5 1.1 1.2 33 2800
664

23



665
666
667
668
669

670

PALEO EXTREME WAVES ON SAL ISLAND, CAPE VERDE ARCHIPELAGO.

Supplementary Table 3. Threshold flow velocities (in m/s) required to initiate movement of the seven boulders
surveyed in the study area, based on the empirical formulations of Nandasena et al. (2022). Values are shown
for both submerged/sub-aerial isolated boulders and joint-bounded boulders, and include thresholds for
sliding, overturning, and saltation/lift for joint-bounded boulders.

Submerged or sub-aerial isolated boulder Joint bounded
Bo;n]l)der Sliding Overturning Saltation Saltation/Lift
1 3.8 72 10.9 11.04
2 3.8 6.0 13.9 14.10
3 3.9 6.5 13.8 14.00
4 3.8 5.7 142 14.32
5 3.4 5.0 15.6 15.79
6 42 75 13.5 13.68
7 24 3.8 8.7 8.80

24



