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Abstract 18 

The study of coastal boulder accumulations generated by extreme marine events, 19 

and of the energy and frequency involved in boulder transport, is of paramount 20 
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importance in understanding the risk associated with extreme marine 21 

inundations. One of the frequently asked questions is whether the deposits are 22 

storm or tsunami-related, both events being characterized by different return 23 

periods. Boulder transport by storms was monitored on the west coast of 24 

Portugal. Significant changes were detected in boulders’ position as a result of 25 

extreme inundation by the 2013/2014 winter storms. Results presented in this 26 

work indicate that the wave power associated with the “Christina” and “Nadja” 27 

storms occur once every three years. However, this interval is not supported by 28 

field observations of boulder displacement, which suggests that wave power 29 

over-predicts boulder movement in the study area. Furthermore, wave 30 

parameters from the “Christina” and “Nadja” storms were very similar, but have 31 

generated different impacts in the boulder accumulation described herein. 32 

Differences include the magnitude and direction of boulder movement, and are 33 

most likely associated with distinct tidal levels during the events. Higher tide 34 

levels generated an increase in the sea surface level and thus in the reach of 35 

waves, which generated displacement of larger boulders and consequent cross-36 

shore contribution in boulder transport. Regardless, the combination of 37 

monitoring campaigns, wave data, and statistical modelling of extreme values 38 

indicate that boulder transport by storms is more frequent than initially 39 

expected. Based on recorded boulder movements, we present a conceptual 40 

model for boulder ridge formation and development and identify significant 41 
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control of incoming flow by local geomorphological/topographical features. 42 

Storm events, not less frequent tsunamis, are identified as the events responsible 43 

for modulating this rocky coastline. These results question a direct attribution of 44 

coastal boulder deposits to tsunamis in coastal regions with a high risk of 45 

tsunami inundation. 46 

 47 

Keywords: boulder ridges; geomorphological controls; wave power; peaks over 48 

threshold; rocky coastline; Portugal 49 

 50 

1. Introduction 51 

 52 

Coastal boulder deposits related to extreme marine events include rock particles 53 

with the intermediate axis ranging from 0.26m to 4.1m (Blair and McPherson, 54 

1999), showing evidence of transport against gravity, directed upwards and 55 

inland. In rocky coastlines, they form conspicuous accumulations sitting on top 56 

of rock platforms (including shore platforms) and cliffs, forming various 57 

morphological features with different degrees of internal organization. 58 

Morphological features include boulder ridges (Williams and Hall, 2004; Cox et 59 

al., 2012), boulder clusters (Noormets et al., 2002; Switzer and Burston, 2010; 60 
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Paris et al., 2011; Biolchi et a., 2019a) and isolated boulders (Süssmilch, 1912; 61 

Oliveira et al., 2011; Paris et al., 2011). Boulder ridges comprise the most 62 

conspicuous morphology of boulder accumulations and are described as 63 

(Williams and Hall, 2004; Morton et al., 2008; Hall et al., 2008; Knight et al., 64 

2009; Williams, 2010; Cox et al., 2012): (1) well organized clast-supported 65 

linear to arcuate structures developing along a shore-parallel to shore-normal 66 

direction; (2) forming asymmetrical cross-sections with steeper seaward faces; 67 

(3) showing a landward reduction in clast size, the largest clasts concentrating in 68 

the seaward slope, frequently imbricated. Organized boulder accumulations, in 69 

particular ridges, have been associated with inundation by both tsunami and 70 

storm waves (cf. Morton et al., 2008; Scheffers et al., 2009). In many cases, the 71 

nature (tsunami or storm) of the emplacement mechanisms and chronology of 72 

deposition is not obvious, especially in coastlines affected by both types of 73 

events. Storm and tsunami waves are intrinsically different, the most striking 74 

difference being the wave period: storm waves rarely exceed 15s. In 75 

comparison, tsunamis exceed 600s, which affects the duration of force acting on 76 

rock particles (Weiss and Diplas, 2015). The distinction between storm or 77 

tsunami origin is a highly debated issue in coastal geosciences (i.e., Switzer and 78 

Burston, 2010, Nandasena et al., 2011; Weiss, 2012; Marriner et al., 2017; Vött 79 

et al., 2019; Biolchi et al., 2019a). This differentiation has implications for 80 

coastal hazards and risk assessment, given that high magnitude storm and 81 
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tsunami events are characterized by different return periods. For example, along 82 

the Western coast of Europe, including the Portuguese western coast, the 83 

recurrence intervals of extreme storms range from decades to centuries (e.g., 84 

Pires and Pessanha, 1986; Carvalho and Capitão, 1995), whereas high 85 

magnitude tsunamis occur separated by millennia (e.g., Cunha et al., 2012; 86 

Andrade et al., 2016). This distinction is especially relevant in areas with a high 87 

risk of tsunami inundation, such as the Portuguese coastline, which has been 88 

dramatically affected by the well-known transoceanic 1755 tsunami (Muir-89 

Wood and Mignan, 2009), as well as subjected to high magnitude storms. (e.g., 90 

Daveau et al., 1978; Dominguez-Castro et al., 2013; Santos et al., 2014). 91 

Cliff-top boulder accumulations with unknown origin have often been attributed 92 

to paleotsunamis due to their location above the reach of known storm waves, 93 

due to their large size and mass, and also based on the reconstruction of wave 94 

parameters from hydrodynamic equations (e.g., Young and Bryant, 1992; Young 95 

et al., 1996; Nott, 1997; Scheffers and Kelletat, 2005; Maouche et al., 2009). 96 

More recently, boulder movement in cliff-tops and shore platforms has been 97 

monitored during long-term surveys and unequivocally associated storm wave 98 

action (e.g., Williams and Hall, 2004; Hall et al., 2006; 2008; Hansom and Hall, 99 

2009; Etienne and Paris, 2010; May et al., 2015; Kennedy et al., 2017; Cox et 100 

al., 2018; Biolchi et al., 2019b), thus challenging direct attribution of coastal 101 

boulder accumulations to tsunamis based solely on altimetry and boulder mass 102 
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criteria. In line with these findings, inland and upward movement of large rock 103 

particles was detected in Portugal and elsewhere due to extreme inundation by 104 

waves from the extratropical storm in January 2014 (Santos et al., 2014; Autret 105 

et al., 2016; Oliveira, 2017, 2019; Cox et al., 2018). 106 

Statistical modelling of extreme waves can be used as a tool to infer wave 107 

parameters with return intervals of 50 to 100-years, or higher, and these data 108 

contribute to the investigation of trends in storminess and extreme waves as well 109 

as on their impacts upon hard coastal engineering structures (Young et al., 110 

2012). Statistical methods are usually focused on the most visible attribute of 111 

waves, their height (Ferreira and Soares, 1998; Soares and Scotto, 2001; Caires, 112 

2016; Larsén et al., 2015), and, to a lesser extent, wave period, wind speed and 113 

water levels (Caires, 2016). However, statistical modelling can be further 114 

applied in the analysis of extremes by using other relevant sea-state parameters 115 

or variables representative of the wave regime at the site of interest (Ferreira and 116 

Soares, 1998). The capability of a wave-generated bore to reach further inland 117 

and produce boulder movement also depends on the wavelength (in turn related 118 

to the wave period) (see Lorang, 2002; Weiss, 2012). Furthermore, in low-lying 119 

cliffs of rocky coastlines with irregular profiles, wave run-up is strongly related 120 

to the offshore significant wave height and wavelength (Dodet et al., 2018). 121 

Therefore, we hypothesize that wave power, which incorporates both height and 122 
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length, could be a possible proxy of the capability of a wave to generate boulder 123 

movement, both inland and upwards.  124 

In agreement with the above, observations of boulder movement during present-125 

day storms, and their wave power, can be further combined with statistical 126 

information derived from long-term time series of wave data to determine the 127 

return period of boulder displacement episodes. In this work, we investigate 128 

boulder transport by storm waves on a rocky coast on the west coast of Portugal, 129 

emphasizing the effects on an unusual storm cluster that impacted this coast in 130 

the winter 2013/2014. Based on field observations, we discuss the controls of 131 

storm-related boulder transport and how they modulate coastal boulder 132 

accumulations. Finally, we use observations, the computation of wave power 133 

during periods of boulder transport, and statistical modelling of wave power 134 

extremes to test wave power as a proxy for boulder movement. 135 

 136 

2. Regional setting 137 

 138 

The study area is located on the west coast of Portugal, approximately 40km 139 

northwest of Lisbon, in a coastline broadly trending North-South and fully 140 

exposed to the high-energy wave regime characterizing the North Atlantic 141 

Ocean (Fig. 1a-b). 142 
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 143 

2.1. Oceanographic forcing 144 

 145 

Tides are semidiurnal, and, considering one Saros cycle, the highest 146 

astronomical spring tide reaches 1.8m amsl (above mean sea level); the mean 147 

spring tidal range is 2.8m (Instituto Hidrográfico, 1985-2003). According to data 148 

by Dodet et al. (2010a, b – see chapter 3. Data and Methods) deep water waves 149 

(herein described in terms of significant wave height, Hs, mean zero-crossing 150 

period, Tz, peak period, Tp, and peak wave direction, θp) essentially propagate 151 

from 260°-360° (Fig. 1c). The histogram of wave directions in Fig. 1c indicates 152 

that higher Hs and Tp associate, on average, with west-southwesterlies 153 

(directional interval 240°-260°) and west-northwesterlies (280°-300°), 154 

respectively. There is a 40° offset between directions corresponding to higher 155 

Hs and Tp (Fig. 1c). The plot of combined Hs and Tp shows a wide dispersion, 156 

suggesting that higher waves are not necessarily the longer, although they both 157 

preferably associate with the western octant (Fig. 1c and d). The directional 158 

distribution of wave power density, P (energy per second, and meter of wave 159 

crest), closely follows the Hs distribution (Fig. 1c). 160 

 161 
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Fig. 1 (a) Location of the study area on the SW European coastline; (b) 162 

location of the wave buoy, hindcast node and boulder deposit addressed in 163 

this study; background-image derived from the West-Iberian bathymetry 164 

model of Quaresma and Pichon (2013); (c) Wave direction histogram and 165 

average Hs, Tp and P for each direction class. (d) Plot of combined Hs and 166 

Tp. See Dodet et al. (2010a, b) for wave data at the hindcast node used in 167 

Fig. (c) and (d). 168 

 169 

Deep-water wave data sets require further processing to account for wave 170 

transformation during propagation, including shoaling, refraction, diffraction, 171 

and coastal shelter effects (USACE, 2008). These transformations induce 172 

changes in wave height and direction, as well as convergence and divergence, 173 

and regulate the longshore distribution of wave power at the coast. Wave 174 

transformation matrices (WTM) are look-up tables containing graphical 175 

solutions of site-specific nearshore wave characteristics (cf. Deltares, 2016, 176 

Carapuço, 2016, and references therein). WTM are built considering all possible 177 

combinations of deep-water wave height and direction (2D matrices) relevant 178 

for the area under study and by running a numerical model of wave propagation 179 

over a suitable representation of the propagation domain. In this study, we used 180 

a WTM to address nearshore waves off the study area (Fig. 2). The matrix was 181 
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prepared under a national monitoring project conducted by the Portuguese 182 

Ministry of Environment (Silveira et al., 2013). It contains information on 183 

changes in wave height (given by a multiplicative coefficient) and directional 184 

adjustments experienced by waves while traveling between deep-water and a 185 

target point in a water depth of 10m, at the latitude of the study area. The WTM 186 

was built using the deep-water wave series of Dodet et al. (2010a, b) and SWAN 187 

(Simulation WAves Nearshore) wave propagation model (Booji et al., 1999) 188 

developed by the Delft University of Technology (cf. Silveira et al., 2013). 189 

 190 

Fig. 2: Wave transformation matrix for the nearshore of the study area, at 191 

a depth of 10m. Solid contour lines represent equal values of the height 192 

transformation coefficient; dashed lines represent the direction of 193 

propagation at the target point. Both input parameters, direction (Dir), and 194 

wave period (T) in axes refer to deep-water conditions. From Silveira et al. 195 

(2013)  196 

 197 

The range in Hs of storm waves considered herein corresponds to breaking 198 

depths of 10-12 m. The location of the WTM target point is quite adequate to 199 

describe both scalar and directional parameters of incoming waves in near-200 

breaking conditions. Examination of Fig. 2 clearly shows that shoaling effects 201 
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dominate over refraction for a range of wave direction and peak period of storm 202 

waves addressed herein (260°-300° and >13s, respectively). The directional 203 

range at breaking is reduced (265°-280°), indicating that incoming wave bores 204 

will impact the study area at minimal angles. Moreover, at 10m depth, wave 205 

heights only slightly differ from deep water (transformation coefficient of 0.9 to 206 

1.1). Altogether, this indicates that differences between deep-water and 207 

nearshore (local) wave characteristics are small and that deep-water data 208 

adequately describes local wave-induced hydrodynamic conditions.  209 

The maximum increment in sea-level due to storm surge along the western 210 

Portuguese coast is typically less than 0.6m, and averages 0.4m (Taborda and 211 

Dias, 1992; Gama et al., 1997; Vieira et al., 2012). Storm climate is highly 212 

energetic, the number of storms per year, ranging from 9 to 12 (Ferreira et al., 213 

2009). Storms last for 26 hours on average, reaching maximum Hs of about 14m 214 

and maximum peak period above 20s (Ferreira et al., 2009). 215 

 216 

2.2 Coxos boulder deposit 217 

A boulder deposit resulting from the deposition of large limestone clasts by 218 

extreme marine events (EME) has been identified north and south of Coxos 219 

beach (northern and southern sectors, respectively) (Oliveira, 2017) (Fig. 3a). In 220 

this region, the coastline broadly trends North-South, comprising small pocket 221 
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sand beaches alternating with cliffs and stepped sub-horizontal structural 222 

platforms, cut in a marine to brackish carbonate sequence dated to the Lower 223 

Cretaceous (Rey, 2009) (Fig. 3b). The morphology of the rocky coast includes a 224 

crenulated plan-shape of the coastline, with pronounced indentations of the lower 225 

structural platforms and cliff face, and of cliff profiles, showing overhangs, 226 

benches, visors and pseudo-notches as well as stepped structurally-controlled 227 

surfaces. These irregularities result from differential erosion of alternating layers 228 

of limestone, claystone, sandstone and marl, gently dipping towards the 229 

southwest. Boulders are sourced in thick sedimentary sequences comprising 230 

sub-metric to metric limestone layers (0.5-1m thickness) interbedded with thin 231 

claystone layers (units C and D represented in Fig. 3a and b). The limestone 232 

layers (L17-L28) differ from each other in their composition (ranging from 233 

crystalline to sandy limestone), in fossil content, surface morphology, thickness, 234 

and joint frequency (Oliveira, 2017). 235 

 236 

Fig. 3 (a) Geological units (A-E) outcropping in the study area, insets 237 

represented in Figure 4a; (b) Schematic log of the geological units (A-E) 238 

 239 

The boulder accumulation addressed herein comprises over 1500 boulders 240 

showing evidence of transport against gravity, their source layers outcropping at 241 
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lower altitudes, and seaward from their present-day location. Boulders are 242 

unevenly distributed in space, the southern sector comprising most particles. 243 

Therefore, this work will address the boulder accumulations found exclusively 244 

in the S sector. Boulders are parallelepiped in shape, they sit at 2-13m amsl, thus 245 

above tidal level, and their mass is under 30Mg. Boulders can be subdivided into 246 

three main populations based on their location, mass, source layer, distance from 247 

the bench edges, and morphology (Oliveira, 2017). Isolated boulders and 248 

imbricated boulder clusters, with a mass larger than 10Mg, are found at lower 249 

elevations (2-6m amsl), on top of unit C, and are mostly sourced in layer 19 250 

(Fig. 3b and 4a and b). Further inland and upwards, on top of unit D, we 251 

frequently find isolated boulders and boulder clusters close to the bench edge, 252 

with mass ranging from 2.5 to 10Mg. A significant proportion of this population 253 

corresponds to fracture-bounded boulders detached from former overhangs 254 

formed by layer 28, as indicated by the unequivocal identification of the sockets 255 

with matching geometry (Fig. 5a).  256 

 257 

Fig. 4: (a) Spatial distribution of boulder mass in the southern sector; insets 258 

represented in Figures 8a and b. (b) Cross-sections showing general 259 

outcropping lithology and position of the boulders over the low cliffs and 260 
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stepped sub-horizontal structural platforms; msl-mean sea level; mhwl-261 

mean high-water level. 262 

 263 

However, the most prominent features observed within this EME deposit 264 

correspond to ridges (Fig. 4a and Fig. 5b and c). They are elongated clast-265 

supported accumulations, roughly aligned N-S to NE-SW, preferably 266 

developing inland of pronounced indentations affecting the structural platforms 267 

(Fig. 4a). They share some of the characteristics of the ridges found in the Aran 268 

Islands (Ireland) and described by Williams and Hall (2004) and Cox et al. 269 

(2012), such as asymmetric cross-sections, landward reduction in clast size and 270 

imbricated boulders in the seaward face (Fig. 5c). Boulders bordering the ridges 271 

range in mass from 1 to 2.5 Mg, while boulders on top of the ridges, and on the 272 

leeward side, rarely reach 1Mg (Fig. 4a). These structures are persistent in aerial 273 

imagery (available from the late 1940s onwards), although there is evidence of 274 

individual particles having been added to the ridges and others removed 275 

(Oliveira, 2017) (Fig. S1 and S2 in supporting information). 276 

Weathering and washing out of soft marl and sandstone layers outcropping at 277 

higher altitudes originated colluvium deposits that partially bury some of the 278 

boulders (Fig. 5c). 279 

 280 
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Fig. 5: (a) Photograph facing South with isolated boulders, boulder sockets, 281 

and unit D topped by layer 28. (b) Photograph facing East of a boulder 282 

ridge. (c) Photograph facing Northeast of a boulder ridge with imbricated 283 

clasts in the seaward slope and colluvium deposit filling the voids between 284 

boulders. Vertical scale of 1m. 285 

 286 

3. Data and Methods 287 

In this work, we integrate observations of boulder movement (including 288 

transport distance and direction, as well as boulder mass) driven by present-day 289 

storm waves, tidal data synoptic of those storms, and statistical parameters of 290 

the wave regime computed from a long-term hindcast time series of wave data 291 

offshore Portugal. Present-day storm waves were characterized using data 292 

retrieved from the Leixões wave buoy (Fig. 1b). 293 

 294 

3.1 Boulder movement 295 

Boulders’ initial position, before dislocation by storm waves, corresponds to the 296 

location measured during initial boulder mapping undertaken from 2009 to 297 

2010. Boulder movement induced by present-day storms was acknowledged 298 

based on eyewitness accounts (one case) and by comparing boulders’ initial and 299 

post-transport positions. The latter was recorded in field surveys in January and 300 
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February 2014, in the aftermath of “Christina” and “Nadja” storms. Surveys 301 

mainly focused on acquiring positions of particles displaced by storm waves 302 

during January and February 2014 and previously mapped in different locations. 303 

Besides, “new” particles were also mapped, i.e., boulders detached and 304 

emplaced by waves during this period and, whenever possible, the location from 305 

which they have been dislodged (sockets) (Fig. 6). The position of 280 boulders 306 

was monitored, corresponding to ~18% of the 1500 boulders initially mapped. 307 

 308 

Fig. 6 (a) Photograph and (b) explanatory drawing of an 11Mg boulder that 309 

was dislodged, rotated, and pushed upwards by “Nadja” storm waves 310 

(February 2014). (c) Two boulders (outlined), with mass ranging from 0.5 311 

to 0.9Mg, transported 20m towards SE over a structural platform, and 312 

placed on top of a boulder ridge by “Nadja” storm waves (February 2014). 313 

 314 

Measurements taken during the monitoring surveys include the geographic 315 

location of the corners of each boulder’s largest surface and sockets of new 316 

boulders. This information was acquired using Real-Time Kinematic Global 317 

Positioning System equipment (mean accuracy better than 5cm). Boulder 318 

thickness was also measured using a measuring tape. Oven-dried rock samples 319 

were weighted to determine rock mass density by laboratory measurement of the 320 
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volume of dislocated water. The corners of each boulder were transformed into a 321 

3D surface, corresponding to the largest exposed boulder surface using 322 

geographical information system (GIS) software. Boulder mass was determined 323 

for each particle by combining the area of boulder surface (computed using GIS 324 

software) with boulder thickness and rock mass density. The information 325 

collected was assembled in a database containing data on mass, direction of 326 

movement, and travelled distance (taken as the shortest distance between socket 327 

and each displaced boulder). 328 

 329 

3.2 Wave data 330 

The long-term hindcast wave data used in this work corresponds to a 56-year 331 

(1953-2009) time series computed by Dodet et al. (2010a, b) using the third-332 

generation spectral wave model WAVEWATCH IIITM. Hindcast results were 333 

validated using synoptic observations of 5 buoys located in deep water off the 334 

west and north coast of the Iberian Peninsula together with data from an Ocean 335 

Weather Station located off the coast of Ireland (Dodet et al., 2010b). 336 

Comparison of model results with observations revealed overall good 337 

agreement, with root mean square errors (RMS) of 0.50m for Hs, 20° for mean 338 

wave direction (Mwd), and 2s for Tp. These results were significantly improved 339 

by averaging the dataset over one month (RMS of 0.15m, 5°, and 1s, 340 
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respectively). Model parameterization is further detailed in Dodet et al. (2010b). 341 

We used hindcast data extracted for a nodal point located off the central west 342 

coast of Portugal (see Fig. 1b for node location). The data comprises 6-h time 343 

series of Hs, Mwd, Tz and Tp over a box extending from 0° to 25°W and 30° to 344 

60°N. 345 

Parameters of storm waves responsible for boulder movement were extracted 346 

from both the hindcast time-series (Hs and Tp) and the 6-h time series of Hs, 347 

Mwd, and Tz record of the Leixões deep-water wave-buoy, maintained by the 348 

Portuguese Hydrographic Survey (Instituto Hidrográfico) (Fig. 1b). Following 349 

the storm threshold commonly used in Portugal, storm events were defined as 350 

periods during which Hs remained consistently higher than 5m and included 351 

intervals of lower Hs, but shorter than 12h (cf. Costa and Esteves, 2009; Ferreira 352 

et al., 2009). Peak period data in the wave-buoy series was extrapolated based 353 

on a linear correlation between Tp and zero-crossing period (Tz) yielded by the 354 

hindcast data (Fig. 7) to ensure consistency between observations retrieved from 355 

models and observations. 356 

 357 

Fig. 7 Scatter plot of hindcast Tz against Tp and linear trendline and 358 

equation relating both variables. 359 

 360 
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Wave power (P) was computed using linear wave theory (Komar, 1976), based 361 

on wave parameters from both the hindcast time-series and the wave buoy, as 362 

described below: 363 

𝑃 = 𝐸𝐶𝑛, (1) 

𝐸 =
1

8
𝜌𝑔𝐻𝑟𝑚𝑠

2, (2) 

𝐶 =
𝑔

2𝜋
𝑇𝑝, (3) 

𝐻𝑠 = 1.416𝐻𝑟𝑚𝑠 (4) 

Where E represents wave energy density (Jm-2), C is wave celerity (ms-1), n is 364 

the ratio between group velocity (Cg) and C (approximately 1/2 in deep-water 365 

conditions), ρ is water mass density (taken as 1025kg·m−3), g the acceleration of 366 

gravity (9.81m·s−2). Hrms represents the square root of the average of the 367 

squares of all wave heights, which relates to Hs through equation (4) (USACE, 368 

2008). 369 

Tidal level, available at Instituto Hidrográfico (2010-2015), was also collected 370 

for days during which boulder movement was detected. 371 

 372 

3.3 Statistical Modelling 373 

Estimation of extreme values is commonly undertaken by one of two approaches 374 

(Caires, 2016): (i) fitting the generalized extreme value (GEV) distribution to 375 

annual maxima (AM), and (ii) fitting the generalized Pareto distribution (GPD) 376 
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to peaks over a threshold (POT). Modelling using only block maxima is 377 

considered a wasteful approach when an entire data-series is available (Coles, 378 

2001; Beirlant, 2004). The inclusion of more observations in the estimation of 379 

the GPD parameters using the POT method contributes to decreasing variance 380 

and more accurate estimates than the AM/GEV approach for data series with 381 

less than 100 years (Caires, 2016). 382 

For a given sequence of independent and identically distributed (iid) random 383 

variables with unknown distribution function F, and considering as an extreme 384 

event all observations Xi’s that exceed threshold u, the distribution of 385 

exceedance follows the GPD and is represented by the following expression 386 

(Coles, 2001; Beirlant et al., 2004): 387 

𝐻(𝑥; 𝑢, 𝜉, 𝜎) = 𝑃(𝑋 ≤ 𝑥|𝑋 > 𝑢)

= {
1 − (1 + 𝜉

𝑥 − 𝑢

𝜎
)
−1

𝜉⁄

, 𝜉 ≠ 0

1 − 𝑒−
𝑥−𝑢
𝜎 , 𝜉 = 0

 
(5) 

Where ξ ∈ R and σ > 0 represent the shape and scale parameters, respectively. It 388 

is worth noting that in equation (5), σ is a function of u (Coles, 2001). 389 

Although most of the statistical techniques provided by extreme value theory 390 

rely upon iid sequences, they can also be applied to dependent data as long as 391 

the inherent dependence is not strong enough to hinder the asymptotic normality 392 

of the test statistics and estimators adopted.  393 
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In practice, the choice of a suitable threshold value is frequently difficult. The 394 

use of the mean excess plot function (MEF) is useful for determining the 395 

threshold, say u0, such that for u > u0, P(X > x + u|X > u) ≈ (1+ξx/σ)−1/ξ. The 396 

MEF is defined as being E(X −u|X > u) and equals to (σ + uξ)/(1 − ξ) if X ∼ 397 

GPD(ξ,σ). In that case, for u > u0, the plot of the sample MEF as a function of u 398 

should approximate a straight line above the u-level. After selecting the 399 

threshold, ξ and σ can be estimated resourcing to maximum likelihood methods. 400 

The GPD was fitted to data on Hs, Tp and P extracted and computed from the 401 

hindcast series. Estimation of function parameters was undertaken resourcing to 402 

the “ismev” package from the R statistical software (R Core Team, 2017; 403 

Heffernan and Stephenson, 2018). Estimations of return values at 95% 404 

confidence interval, and of return periods (based on the cumulative probability 405 

approach) was achieved using the “lmomco” package (Asquith, 2018). 406 

 407 

4 Results 408 

4.1 Boulder movement during present-day storms 409 

Storms responsible for boulder entrainment, transport, and placement are listed 410 

in Table 1. Detachment, transport, and emplacement of at least one 22Mg 411 

boulder close to the southernmost limit of the southern sector was eye-witnessed 412 

and reported to have occurred on March 10, 2003. The most probable socket 413 
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area is located 2m amsl, at the edge of the bench formed by unit C. The boulder 414 

was transported towards SE, about 3.5m inland, and 2m upwards from the 415 

probable source. The 2003 storm waves were moderate in height (Hs of 5.6m), 416 

but peak periods were extremely high, up to 19.5s, maximum values of Tp 417 

coinciding with Hs maximum of 6 m. This information indicates that boulder 418 

movement in the study area can be triggered by deep water wave power 419 

magnitude ≥2.97 × 105Wm−1. 420 

 421 

Table 1: Offshore wave parameters, tidal level, and duration of storms 422 

associated with boulder movement in the study area. 423 

Day 

(Storm 

name) 

Hs 

(m) 

Tm 

(s) 

Tp 

(s) 

P 

(×105Wm−1) 

Storm 

duration 

(hours) 

Tidal 

level 

(m amsl) 

10-03-2003 5.6 16.9 19.5 2.97 18.7 0.64 

03-01-2014 

(“Christina”) 
9.0 14.6 16.7 6.62 90 0.00 

27-01-2014 8.9 13.7 15.8 6.24 67 1.12 

02-02-2014 

(“Nadja”) 
9.0 14.0 16.1 6.36 36 1.90 

05-02-2014 8.75 12.0 13.95 5.23 68 1.25 

08-02-2014 8.5 13.0 15.0 5.31 65 0.00 

15-02-2014 8.5 13.0 15.0 5.31 49 0.00 
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 424 

More recently, during January and February 2014, a cluster of storms caused 425 

significant boulder dislodgement along structural platform edges, as well as 426 

transport of boulders previously sitting on platforms, in both cross-shore and 427 

along-shore directions. The effects of wave impacts alternated between erosion 428 

and accumulation, abruptly changing within a few meters (Fig. 8). 429 

 430 

Fig. 8 (a) (b) Boulder movement and erosion induced by the January and 431 

February storms. For location see Fig 4 432 

 433 

These effects were mostly observed inland of structurally controlled 434 

indentations affecting the edge of the lower structural platform and toe of the 435 

cliff (Fig. 3b and Fig. 8). The amount of transport and removal of boulders 436 

previously resting over the rocky platform precluded the identification of 437 

boulder characteristics and direction of movement in some cases, particularly in 438 

the central segment of the southern sector. Here, structural platforms are 439 

narrower, the bench formed by unit D is practically absent, and the surface 440 

topping unit C reaches, in places, no more than 10m (CS1 in Fig. 4c). Similarly, 441 

the colluvium is also narrower, and boulder ridges, when existing, are poorly 442 

developed. 443 
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Further south, where the platform widens and the boulder ridges and colluvium 444 

deposit are developed, removal of a significant number of boulders bordering 445 

the boulder ridges over the highest structural platform was observed, generating 446 

a decrease of up to 5m in the localized width of those features (Fig. 8). Over the 447 

upper structural platform, boulders sitting at 8-13m amsl, with mass up to 448 

6.5Mg, were moved both cross- and along-shore. Cross-shore transport was 449 

directed towards East (landward), produced maximum horizontal displacement 450 

of 20m, and maximum upward displacement of 3m. Alongshore transport was 451 

directed southwards, closely following the pending direction of the structural 452 

surface, reaching a maximum distance of 23m. Over the upper surface, the 453 

largest transported boulder (11Mg) was sourced in layer 28, detached from the 454 

platform edge, dislodged, rotated, and pushed upwards (Fig. 6a). Here, new 455 

boulders were mostly added to the ridges’ slope facing the ocean, and also on 456 

top of ridges. That was the case for two boulders, represented in Fig. 6b, with 457 

mass ranging from 0.5 to 0.9Mg. These particles were detached from layer 26 458 

and placed on top of a ridge, 1.5m higher, and 20m away from their source. 459 

These clasts showed no sign of impact or abrasion, nor did the structural surface 460 

from socket to ridge. This indicates that contact between the boulders and the 461 

bedrock was minimum, suggesting a mode of transport by saltation. Boulders 462 

bordering the ridges transported alongshore, were frequently found rolled over 463 
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their long axis and showed, on occasion, signs of abrasion, suggesting transport 464 

by rolling. However, no clear markings were detected over the bedrock. 465 

Over the lowest structural platform, topping unit C, boulder transport was 466 

detected in two situations. The largest boulder with a mass of 13Mg was 467 

detached from its socket, pushed upwards more than 3m, turned over and rotated 468 

180°. The second movement was detected for a 10Mg boulder, previously part 469 

of an imbricated boulder cluster trapped in a joint-defined gully. This boulder 470 

was transported alongshore, reaching the maximum horizontal displacement of 471 

110m. Transport occurred over the structural surface topping unit C, at ~3m 472 

amsl. Several linear scraping marks were found over the bedrock surface, 473 

following the boulder’s path, and suggesting that the principal mode of transport 474 

was sliding. Evidences of inundation throughout the platform were detected by 475 

the erosion of the colluvium. However, the boulders incorporating developed 476 

ridges, were left untouched. 477 

Overall, 135 movements were detected by 98 boulders (some moved more than 478 

once), 67 of which have disappeared, most probably having been washed back 479 

to the sea. Also, 27 new boulders were found and measured, most having 480 

originated at the rock platform/cliff edges. Some were identified in previous 481 

surveys, has joint-bounded clasts, already unattached from the limestone layer 482 
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but still in situ, having been removed by wave action during the 2014 storms 483 

(Fig. S3 in supporting information). 484 

Between January and February of 2014, six storms occurred (Fig. 9). Significant 485 

wave height ranged from 8.5 to 9m, peak period from 14.0 to 16.7s, and wave 486 

power from 5.23×105 to 6.62×105Wm−1. Tidal level coinciding with storm peak 487 

ranged from 0 (mean sea level) to 1.9m amsl. Maximum values for Hs, Tp, and 488 

P were observed during storms “Christina” (3-7 January of 2014) and “Nadja” 489 

(1-2 February of 2014). Following the “Nadja” decline, boulder transport 490 

persisted in association with later storms (Table 1 and Fig. 9). 491 

 492 

Fig. 9 Wave data from Leixões buoy and tidal level during January and 493 

February of 2014. Light-grey bands identify storm duration, and dark-grey 494 

lines overlap peaks in Hs and Tp. 495 

 496 

The maximum tidal level occurred during the “Nadja” storm, on February 2, 497 

2014. Peaks in Hs and Tp coincided with a high spring tide, which reached 1.9 m 498 

amsl. The movement of 42 boulders was attributed to either “Christina” or 499 

“Nadja” storm waves. Differences between patterns of mobilization during each 500 

of these storms comprised both magnitude and direction, and include (Fig. 10): 501 

(1) average mass of displaced boulders larger during “Nadja”; (2) higher vertical 502 
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and horizontal transport distances associated with “Nadja”; (3) cross-shore 503 

transport was more frequent than alongshore transport (following the pending of 504 

the structural platform) during “Nadja”, the opposite occurring during 505 

“Christina”. 506 

 507 

Fig. 10 (a) Scatter plot showing horizontal (∆x) versus vertical (∆z) boulder 508 

dislocation during January and February of 2014. Boulder mass is 509 

proportional to bubble size. (b) Wind-rose diagram showing direction of 510 

boulder movement during January and February 2014 511 

 512 

4.2 Statistical modelling of extreme values 513 

Parameters’ point estimates and return levels for Hs, Tp, and P are presented in 514 

Table 2. These results reveal that the value of the shape parameter is zero for all 515 

three variables, indicating that the underlying distribution function belongs to 516 

the Gumbel domain of attraction. The Gumbel domain contains a large variety 517 

of distributions ranging from moderately heavy (such as the log-normal 518 

distribution) to light (such as the normal distribution), regardless including or 519 

not a finite right endpoint. Hence, the next step was to assess whether the 520 

underlying distributions exhibited a finite right endpoint or not. To address this 521 

issue, we applied the two statistics introduced by (Neves and Pereira, 2010) that 522 
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allow to distinguish distribution functions with finite right endpoint from those 523 

with infinite endpoint in the Gumbel domain of attraction. The results lead us to 524 

conclude that the assumption of finite right endpoint is tenable in all three cases. 525 

 526 

Table 2: Parameters (scale and shape), point estimates, and standard errors 527 

(bracketed values) for Hs, Tp, and P. Return values and 95% confidence 528 

intervals for several time-periods. *values ×105 529 

  Hs Tp P 

Threshold 7.4m 18s 5.1* 

N 188 153 75 

Parameters 
Scale 

0.789 

(0.079) 

0.714 

(0.085) 

1.108* 

(0.234*) 

Shape 
0.049 

(0.068) 

0.011 

(0.087) 

0.1934 

(0.101) 

Return 

Values 
2yr 

7.95 

(7.86, 8.05) 

18.49 

(18.40, 18.59) 

6.08* 

(5.80, 6.36) 

5yr 
8.72 

(8.52, 8.92) 

19.16 

(18.97, 19.35) 

7.49* 

(6.90, 8.08) 

10yr 
9.31 

(9.02, 9.61) 

19.66 

(19.39, 19.93) 

8.64* 

(7.73, 9.55) 

20yr 
9.94 

(9.51, 10.37) 

20.15 

(19.77, 20.53) 

9.87* 

(8.46, 11.28) 

50yr 10.79 20.85 11.63* 
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(10.09, 11.50) (20.19, 21.52) (9.14, 14.11) 

100yr 
11.47 

(10.47, 12.47) 

21.37 

(20.43, 22.31) 

13.06* 

(9.40, 16.72) 

 530 

Swell waves with Hs of 5.6m (such as observed during March 2003) are 531 

extremely frequent, occurring on average 20 times per year. However, Tp of 20s 532 

(as recorded during the same storm) occurs on average only once every ten 533 

years. Wave power, corresponding to the combination of Hs and Tp observed in 534 

March 2003, was estimated to 2.97×105Wm−1, and this condition occurs on 535 

average eight times per year. 536 

“Christina” and “Nadja” were responsible for generating widespread changes in 537 

the Coxos deposit. Storm waves added some new boulders (including both small 538 

and large elements) to rock platforms, close to their seaward edge, and 539 

numerous boulders were added to pre-existent ridges. They also removed other 540 

particles, including isolated boulders and boulders bordering ridges. Smaller 541 

particles previously scattered over the platforms were washed out, except for a 542 

few clusters that resisted the impact and flow velocity of wave bores. Both 543 

“Christina” and “Nadja” raised very high and long waves, the Hs reaching 9m, 544 

which is a condition that occurs on average once every seven years. In turn, Tp 545 

exceeded 16s, a condition that occurs, on average, more than eight times a year. 546 
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Wave power resulting from the combination of Hs and Tp was estimated at over 547 

6.3×105Wm−1, which occurs once every ~3 years. 548 

Figure 11 represents a wave matrix containing all combinations of Hs and Tp, 549 

and associated return periods obtained for the wave power (Fig. 11). The matrix 550 

may be divided into three regions, corresponding to contrasting magnitudes of 551 

wave power) and the size of return intervals. Sea state conditions correspondent 552 

to lower P values, below which no boulder movement was recorded, are 553 

represented in the upper left region of the matrix (region A in Fig. 11). This 554 

region describes joint occurrences of Hs and Tp during storms that are 555 

frequently observed in this coast, their return period being smaller than one year, 556 

and P magnitude under 3.2×105Wm−1. In this region of the matrix, Hs is lower 557 

than 7m (for Tp ≤ 12s), this value decreasing to 6m for larger Tp (up to 16s). 558 

 559 

Fig. 11 Wave matrix showing return periods based on probability of 560 

occurrence for different values of Hs and Tp (axis) and related wave power. 561 

Region A identifies storms that are unable or are scarcely able to generate 562 

boulder transport in the study area; Region B corresponds to frequently 563 

observed storms generating occasional and restricted boulder transport; 564 

Region C corresponds to storms that match or exceed wave power of 565 
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“Christina” and “Nadja”, generating widespread and significant boulder 566 

detachment, movement, emplacement, and erosion in the study area 567 

 568 

Occasional boulder movement (involving few particles, and particularly those 569 

with smaller mass) was observed during storms associated with Hs of 6 to 7m (a 570 

range of Hs still typical along this coast) but higher than average Tp, in the range 571 

of 13 to 17s. This condition is represented by region B in Fig. 11. Occasional 572 

and localized boulder transport is also possible during storms characterized by 573 

lower Tp, but higher Hs (8 to 11m) are required to reach wave-power ranging 574 

from 2.97−6.36×105Wm−1. The return period for these events was calculated in 575 

the range under one year up to ~ three years.  576 

The right bottom region of the matrix (region C in Fig. 11) represents storms 577 

generating P ≥ 6.36×105Wm−1. These events originated widespread 578 

displacement of boulders, significant changes in boulder positions (including 579 

washing out of numerous particles), detachment of rock particles from the 580 

cliff/bench edges leading to “new” particles. These effects have been observed 581 

in relation to “Nadja” and “Christina” storms and affected particles of variable 582 

mass located in the full range of elevation of the pre-existing boulder 583 

accumulation. However, boulder movement rarely occurred near the inner edge 584 

of the highest structural platform, except for the central segment, inland of a 585 
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large indentation, where the platform is narrow. In addition, no boulder 586 

movement was detected in the leeward side of the ridges and was mostly 587 

detected in bordering particles. Storms matching “Nadja” and “Christina” in 588 

wave power occur on average once every ~3 years. 589 

 590 

5 Discussion 591 

 592 

5.1 Morphology and origin of the Coxos’ boulder accumulation 593 

The Coxos boulder accumulation, due to its complexity and exposure to the 594 

high-energy wave regime characterizing the North Atlantic Ocean, offers a 595 

unique opportunity to understand how coarse clasts deposits develop in rocky 596 

coastline contexts. Foremost, the crenulated plan-shape of the coastline and 597 

cliff-face creates both macro and micromorphological features that influence 598 

energy dissipation from wave bores as they reach the coastline. In addition, a 599 

wide variety of boulder sizes are supplied by the varying layer thickness and 600 

joint frequency characterizing the outcropping sedimentary sequence, a 601 

conjugation amply described by Stephenson and Naylor (2011). This is further 602 

enriched by the structural geometry that provides several sub-horizontal surfaces 603 

at varying heights, ranging from 3m to 13m amsl. As a result of this complexity, 604 

there is a large variety in morphologies of coarse clast deposits, controlled in 605 



 

33 

 

part by boulder size and by the distance from the coastline, ranging from 606 

isolated boulders to clusters and ridges. 607 

Boulder movement detected during the 2013/2014 storms has revealed the 608 

dynamic character of the Coxos boulder accumulation. The development of 609 

different morphological features, particularly of boulder ridges, has shown to be 610 

the result of a continuous process, by the addition and removal of boulders over 611 

the study site. Large particles (>10Mg) were detached from bench edges and 612 

placed close to their socket by incoming wave bores. They suffered short 613 

vertical and horizontal transport distances (<2m) and came to rest as isolated 614 

boulders close to bench edges. Smaller particles, with mass ranging from 1 to 615 

10Mg, were transported by rolling and sliding both cross-shore and alongshore, 616 

over surfaces of the structural platform until reaching an obstacle or being 617 

washed out. As boulders accumulated due to incoming bores, their largest 618 

surface faced the flow direction (stable hydraulic position), forming imbrication. 619 

Smaller boulders (<1Mg) were plucked from the bench edge and placed on top 620 

of boulder ridges, with minimum contact with the bedrock, suggesting a mode 621 

of transport of saltation. This continuous process allows boulder ridges to grow 622 

outwards and upwards until reaching a dynamic stability between erosion and 623 

accumulation, in response to the also dynamic character of the wave regime 624 

characterizing this region. As stated by Morton et al. (2008) and Weiss (2012), 625 

size trends, stratification, and organization of these morphological features are a 626 
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result of short transport distances, of pre-existing obstacles (in this case boulder 627 

clusters or inner edge of the platform) and multiple high-frequency wave events, 628 

i.e., storms. 629 

The description above is congruent with deposits formed by storm waves (rather 630 

than tsunamis) over a backstopped platform, the reasoning presented here is not 631 

only inferential but supported by field observations and wave tank experiments 632 

(cf. Cox et al., 2019). Features similar to Coxos’ boulder ridges were observed 633 

by several authors in storm-related deposits elsewhere and described as 634 

accumulations of rock particles in contact with one another, several particles 635 

showing imbrications and exhibiting packed fabric, forming well-organized 636 

linear structures with asymmetrical cross-sections, consisting of a steep seaward 637 

face and a gentle down-flow slope (e.g., Williams and Hall, 2004; Morton et al., 638 

2008, Hall et al., 2008; Cox et al., 2012, 2019). All these attributes are shared by 639 

Coxos’ boulder ridges.  640 

The orientation of the ridges, developing perpendicularly to indentations in the 641 

lower structural platform, are indicative of a strong geomorphological control of 642 

storm-related inundations over the structural surface. Although most ridges 643 

described in the literature preferably align parallel to the coast (e.g., Hall et al., 644 

2006), shore-normal ridges have also been identified and associated with storm-645 

related oblique wave attack (Knight et al., 2009). Geomorphological controls on 646 
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inundations are challenging to model, regardless of the event responsible for 647 

deposition, and have been described elsewhere and reported by several authors. 648 

An example of geomorphological controls is the frequent location of boulder 649 

accumulations. These have been preferably found landward of vertical cliffs 650 

with narrow supratidal zones (Scheffers, 2004), inland of coastal indentations 651 

(Jones and Hunter, 1992; Suanez et al., 2009; Fichaut and Suanez, 2011), within 652 

joint-defined gullies (Knight et al., 2009; Knight and Burningham, 2011). 653 

Another example is clast imbrication closely related to joint-controlled channel 654 

orientation (Pérez-Alberti et al., 2012). Some features, such as indentations, 655 

generate local hotspots where the concentration of energy occurs, maximizing 656 

run-up and the chance of boulder dislodgement and transport (Jones and Hunter, 657 

1992; Suanez et al., 2009; Canelas et al. 2014). 658 

Despite the exceptional character of the 2013/2014 storms and the widespread 659 

boulder movement, boulders within well-developed ridges were left untouched, 660 

which indicates that the energy required to move those boulders must not have 661 

been reached during recent events. Given the high risk of tsunami inundation in 662 

the study area, one could invoke such an event to explain these features. In fact, 663 

several boulder accumulations found in the Portuguese rocky coastline have 664 

been attributed to the 1755 Lisbon tsunami inundation (e.g., Scheffers and 665 

Kelletat, 2005; Ramos-Pereira et al., 2009). Given the high energetic character 666 

and intensity of the 1755 tsunami (Muir-Wood and Mignan, 2009) and the size 667 
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and height of the emplacement of the boulders, the consideration of a tsunami 668 

origin is not without reason. Furthermore, the boulder accumulation addressed 669 

herein, shares some of the characteristics described by Scheffers and Kelletat 670 

(2005) and Ramos-Pereira et al. (2009), such as boulder mass, elevation, and 671 

distance from the coastline.  672 

Comparison of the Coxos’ deposit with coarse-clast accumulations related to 673 

recent tsunami inundations is limited by the absence of observations in rocky 674 

coastlines. Paris et al. (2009) described imbricate boulder clusters and solitary 675 

clasts associated with the erosion of a rocky platform by the 2004 Indian Ocean 676 

Tsunami on the NW coast of Sumatra. However, Goto et al. (2007; 2010) did 677 

not find a size grading in space for tsunami deposits. However, the authors 678 

found exponential shoreward fining trends in storm-related deposits and 679 

attributed this behavior to the decrease in intensity of the forces associated with 680 

broken storm waves.  681 

An alternative explanation for the untouched boulder ridges, is that storms more 682 

energetic than “Christina” and “Nadja”, with higher return periods, were 683 

responsible for the development of those features. Despite the exceptional 684 

character of the 2013/2014 winter storms (Masselink et al., 2016, and references 685 

therein), our knowledge of storm wave maxima is limited by the short instrumental 686 

records available (Cox et al., 2018). In fact, the geological record of western Europe 687 

has abundant evidences of considerable climatic variability on decadal to millennial 688 
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timescales (Sorrel et al., 2012). So, it is reasonable to assume that extremer storms 689 

have occurred and that will occur again, albeit their lower frequency. In conclusion, 690 

it has become clear that, despite the devastation associated with recent tsunamis 691 

(Suppasri et al., 2012), storms may generate cumulative impacts that surpass 692 

those of tsunamis, due to their higher frequency (Marriner et al., 2017).  693 

5.2 Statistical modelling of extreme storms 694 

Different return periods obtained by considering only Hs or Tp illustrate the 695 

disparity of frequency estimations obtained by considering different parameters 696 

characterizing storm waves. Implications in computing return periods of storms 697 

exceeding some threshold of boulder movement are obvious. 698 

Observation and measurement of boulder movement in the study area during 699 

present-day storms suggests that the magnitude of wave power associated with 700 

boulder transport during the 2003 swell, is 1.7 to 2.2 times lower than the values 701 

computed for all storm events identified during January and February 2014. The 702 

abnormal effects observed during the 2013/2014 storms are not unique to the 703 

Coxos beach boulder accumulation. They agree with observations of other 704 

boulder accumulations on the western coast of Europe (e.g., Autret et al., 2016; 705 

Cox et al., 2018). The 2013/2014 winter has been described as the most 706 

energetic period in the past 66 years, mostly due to a larger number of storms 707 
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with close inter-event spacing, total storm duration, and extreme high water 708 

levels (Wadey et al., 2014; Masselink et al., 2016). 709 

Even so, a low return period for boulder transport in the study area suggests that 710 

commonly observed storms are capable of generating boulder movement, and 711 

coarse clast transport in the study area is more frequent than initially anticipated.  712 

However, “Nadja” storm has generated significant boulder transport and erosion 713 

of the deposit under analysis. These effects were neither observed during the 714 

four years preceding this storm, when initial field surveys were undertaken, nor 715 

have they been matched since then. The peculiar effects of this storm indicates 716 

that the amount of energy dissipated over the structural platform was atypical. 717 

Although statistical modelling indicated that storm wave heights, such as those 718 

observed during “Christina” and “Nadja”, occur once every seven years, the 719 

same does not happen for the peak period, with values occurring several times a 720 

year. More importantly, the return period obtained for wave power, which 721 

combines both wave height and period, suggests that these events occur on 722 

average once every three years. This recurrence interval is not supported by field 723 

observations of boulder displacement in the study area, and indicates that wave 724 

power over-predicts boulder movement in this region. These results are in line 725 

with the remarks of Weiss and Diplas (2015) and Erdmann et al. (2018) 726 
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regarding the risks of directly deriving hydrodynamic forces raised by wave 727 

impacts upon coastal boulders from deep-water wave parameters. 728 

Considerable differences between the average mass and transport distance of 729 

displaced boulders were detected during “Christina” and “Nadja” storms, the 730 

latter reflecting a higher capability to detach and transport large particles. Given 731 

that wave parameters of both storms were identical, differences in transport 732 

magnitude must have been related with the coincidence of peak in storm 733 

intensity with peak tidal levels during “Nadja”. Higher tide levels increased sea 734 

surface height in 1.9m and, consequently, the reach of waves, thus increasing 735 

boulder transport capability of incoming bores. A comparison of the direction of 736 

boulder movement indicates a counter-clockwise rotation in the main transport 737 

direction during “Nadja”. Arguably, such a shift represents a relative increase in 738 

cross-shore transport over the structural platforms associated with wave swash 739 

due to a higher reach of waves. In turn, it resulted in a relative decrease in long-740 

shore transport, mostly associated with backwash, following the natural pending 741 

of the structural platforms. Cross-shore boulder transport was responsible for 742 

adding boulders to the top of ridges, while longshore transport produced both 743 

erosion and outward growth of these structures. These interpretations are in line 744 

with other works that show the relevance of sea level in controlling the 745 

probability of overwash (Caires, 2016; Prime et al., 2016), this parameter in 746 

cases being more critical than wave height (Chini and Stansby, 2012). 747 
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Although boulder transport in the study area is quite frequent, the results above 748 

indicate that the effects induced by the February 2014 storms are not. 749 

Furthermore, this implies that the tidal level is an important variable to be 750 

considered when estimating return periods of the effects of extreme marine 751 

events. Ultimately, the return period of the effects observed during “Nadja” 752 

must be larger than those obtained solely based on wave power. 753 

The incorporation of tidal level, wave parameters, and cross-shore profile is 754 

frequently modelled using wave run-up. Arguably, the determination of return 755 

periods for this parameter, instead of wave power, could render more realistic 756 

results. However, difficulties associated with the determination of run-up in 757 

complex rocky coastal contexts, associated with the influence of complex 758 

bathymetry and with the curvature and definition of the foreshore slope, are still 759 

unresolved (Dodet et al., 2018).  760 

6 Conclusions 761 

 762 

The Coxos boulder accumulation shares many characteristics with other deposits 763 

described in Northern Europe and associated with storms. The most conspicuous 764 

morphology are boulder ridges, which are dynamically stable features formed by 765 

successive adding/removal of boulders during both low and high magnitude 766 

events. Wave bores contribute to the outwards growth of ridges by adding 767 
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boulders with mass <10Mg transported alongshore by rolling. The upward 768 

growth of these features is interpreted as a contribution from cross-shore 769 

transport of smaller boulders (mass <1Mg). These particles are detached from 770 

the bench edge, and directly placed on top of the ridge by saltation, facilitated by 771 

increased tidal levels. 772 

Micro- and macro-morphological features, such as overhangs and indentations 773 

of the coastline, respectively, exert a strong influence in boulder detachment and 774 

transport over the structural platform. 775 

Although wave power over-predicts boulder movement, restricted detachment 776 

and deposition of clasts during commonly observed storms suggest that this 777 

phenomenon is more frequent than initially anticipated and implies a dynamic 778 

character for coarse clast deposits in rocky coastline contexts. 779 

Based on the results presented herein, there is no need to invoke a catastrophic 780 

event, such as a tsunami, to explain coastal boulder accumulations, in particular, 781 

boulder ridges. Higher and less frequent storms were probably responsible for 782 

the deposition of well-developed ridges that have been left untouched by the 783 

2013/2014 storms. 784 

 785 



 

42 

 

7 Data Availability 786 

Datasets related to this article can be found at: 787 

https://doi.pangaea.de/10.1594/PANGAEA.903857, an open-source online data 788 

Publisher for Earth & Environmental Science hosted at PANGAEA (Oliveira, 789 

2019). Modelled wave data-series was downloaded from the MICORE project 790 

webpage (Dodet et al., 2010a), at 791 

http://disepla.fc.ul.pt/Micore/WaveDownload.html. 792 
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