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Abstract: Modern and palaeo-shores from Pleistocene Marine Isotope Substage 5e (MIS 5e) featuring
prominent cobble/boulder deposits from three locations, on the southern and eastern coast of Santa
Maria Island in the Azores Archipelago, were compared, in order to test the idea of higher storminess
during the Last Interglacial. A total of 175 basalt clasts from seven transects were measured manually
in three dimensions perpendicular to one another. Boulders that exceeded the minimum definitional
diameter of 25 cm contributed to 45% of the clasts, with the remainder falling into the category of
large cobbles. These were sorted for variations in shape, size, and weight pertinent to the application
of two mathematical formulas to estimate wave heights necessary for traction. Both equations were
based on the “Nott-Approach”, one of them being sensitive to the longest axis, the other to the
shortest axis. The preponderance of data derived from the Pleistocene deposits, which included an
intertidal invertebrate fauna for accurate dating. The island’s east coast at Ponta do Cedro lacked a
modern boulder beach due to steep rocky shores, whereas raised Pleistocene palaeo-shores along
the same coast reflect surged from an average wave height of 5.6 m and 6.5 m. Direct comparison
between modern and Pleistocene deposits at Ponta do Castelo to the southeast and Prainha on the
island’s south shore produced contrasting results, with higher wave heights during MIS 5e at Ponta
do Castelo and higher wave heights for the modern boulder beach at Prainha. Thus, our results did
not yield a clear conclusion about higher storminess during the Last Interglacial compared to the
present day. Historical meteorological records pit the seasonal activity of winter storms arriving from
the WNW-NW against the scant record of hurricanes arriving from the ESE-SE. The disparity in the
width of the marine shelf around Santa Maria Island with broad shelves to the north and narrow
shelves to the south and east suggested that periodic winter storms had a more regular role in coastal
erosion, whereas the rare episodic recurrence of hurricanes had a greater impact on southern and
southeastern rocky shores, where the studied coastal boulder deposits were located.
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1. Introduction

Survey models regarding the level of storm intensity during the Last Interglacial stage of the
Pleistocene, specifically the Marine Isotope Substage 5e (MIS 5e), have been conducted on a global
scale [1], but studies organized on a more regional scale provide the potential for higher resolution.
Localized studies on the propensity for storms in the Bahamas and Bermuda (Western Atlantic) [2,3]
reveal patterns in agreement with global results. However, for higher latitudes in the North Atlantic
Ocean (e.g., the Azores Archipelago), such analyses have been scarce [4]. Climatological reconstructions
are of utmost importance because they allow the scientific community, policymakers, and the general
public to better predict and plan for future hazardous events. With a worldwide extension of 500,000 km,
coastlines are highly complex and dynamic geomorphological features [5] that commonly correspond
to areas of high-density human habitation [6]. With ongoing conditions of global warming, there is
even more urgency for increased knowledge about the deep history of storm patterns associated with
oceanic circulation.

The shorelines of volcanic oceanic islands are highly dynamic in nature as a result of volcanism,
mass wasting, and exposure to the energetic action of the open sea [7-10]. Exposure to wave action is
the primary factor that shapes coastlines, as wave surge crossing island shelves acts continuously, but at
different levels of energy [11]. In the Azores Archipelago, all islands are subject to the direct action of
waves [11]. Unprotected by the absence of barriers (e.g., reefs) and with narrow insular shelves [12],
erosion rates are high [6]. The result is the production of variable amounts of detrital materials that are
readily shaped and transported, commonly including coastal boulder deposits (CBDs). Sometimes,
transported materials are configured in peculiar geomorphologies, such as fajas [13]. In the Azores,
processes that lead to the production of modern CBDs allow for comparisons with morphologies
deposited during the Last Pleistocene Interglacial episode (MIS 5e). Santa Maria is the only island
in the Azores with marine fossiliferous sequences that date back to the Pliocene and late Pleistocene
(MIS 5e) [14-16]. The presence of such sequences makes this island an ideal place for studies testing
the postulated higher storminess and inferred palaeo-wave heights that affected the wider archipelago
approximately 125,000 years ago.

Inference on palaeo-wave-heights through measurements of eroded blocks in Pleistocene settings
has been conducted by Johnson et al. [17-19] at localities in the Mexican Gulf of California, providing a
useful methodology for application elsewhere. Here, we adapted the program using mathematical
formulas to compare the storminess during the Last Interglacial (MIS 5e) and the modern situation,
deduced from storms imprinted in the CBDs. Herein, we presented the first estimations for palaeo-wave
heights from the Pleistocene (MIS 5e) in the Azores. Data on the shape, size, and calculated weight of
palaeo-shore boulders from Santa Maria Island had the advantage of being sourced from well-dated
MIS 5e outcrops containing thermophile fauna typical of the Last Interglacial. Crucially, estimates on
wave heights from MIS 5e CBDs might be compared with adjacent modern beach boulders. Work was
limited to localities on the island’s south and east coast, where marine shelves were narrower. The
island’s broader northern shelf provided the basis for conjecture on differences in storm patterns that
led to that outcome.

2. Geographical and Geological Setting

2.1. Position and Geotectonic Setting

The Azores is an oceanic volcanic archipelago with nine islands, found in the NE North Atlantic
Ocean, between latitudes 36°55” and 49°43’ N and longitudes 24°46” and 31°16” W, and spreading
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along a distance of 650 km (Figure 1a). Seated on the Azores Plateau, the archipelago straddles a triple
junction between the Eurasian, North American, and Nubian (African) tectonic plates [20]. Santa
Maria Island is the most southeastern and oldest among these and is seated on the Nubian plate. It
exhibits a geologic record, marking the earliest emergence from the sea due to Surtseyan volcanic
activity approximately 6 million years ago [8]. Much of the ensuing rock record, which includes
intercalated sedimentary strata and extensive volcanic flows, is restricted to the Pliocene Epoch [21,22].
Island uplift, which commenced 2.8 million years ago, has resulted in more than 200 m of tectonic
rise, as a result of which older Pliocene marine strata are well exposed in sea cliffs on all sides of the
island, but most accessible along the south and eastern shores [23]. Santa Maria ranks seventh in
size compared to the other islands in the Azores Archipelago, with an area of 97 km? and a coastal
circumference of 53 km. The island presents a peculiar orography, with a flatter Western part and
a rougher Eastern part, as a result of its unusual geological evolution (i.e., different erosional rates
and off-center volcanism during a rejuvenated stage, mostly located on the eastern section of the
older edifice [8,24]; Figure 1b). In terms of bathymetry, the island is much reduced in size with an
asymmetrical marine shelf that is broadest to the north and narrowest to the south and east [24]. The
shelf is also characterized by a suite of submerged terraces, all presumably younger than ~1 Ma, which
are more developed and preserved in wider and low-gradient sectors (Figure 1b) [25]. During the Last
Interglacial epoch of the Pleistocene, extensive boulder beds were emplaced all around the island that
incorporates marine fossils attributed to the MIS 5e [4]. Three localities, including Prainha and Ponta
do Castelo on the south shore and Ponta do Cedro on the east coast, were chosen to highlight lateral
variations in Pleistocene boulder size together with a review of the associated fauna. Comparisons
were drawn with modern boulder beds at the two southern localities, whereas the plunging coastal
cliffs at Ponta do Cedro lacked any such development of a coastal boulder deposit (CBD) at or close to
modern sea level.
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Figure 1. Maps covering the Azores Archipelago in the NE Atlantic Ocean: (a) Geographic and
geotectonic setting of the Azores Archipelago (modified from [26-28]). NA—North American plate;
Eu—Eurasian plate; Nu—Nubian (African) plate; MAR — Mid Atlantic Ridge; TR—Terceira Rift
(grey area); EAFZ—East Azores Fracture Zone; GF—Gloria Fault; (b) Topography/bathymetry of
Santa Maria Island. Black stars mark the studied sites. The bathymetric data was extracted from
GEBCO 2019 (https://www.gebco.net); subaerial topography was generated from a 1:5000 scale digital
altimetric database.

2.2. Sources and Shaping of the Boulders

The Prainha site is situated within a bay, thus affording a higher potential for the deposition of
clasts and finer sediments. The analysis of local currents showed a confluence of waves to the south
coast of the island (https://www.ipma.pt/pt/maritima/hs/index.jsp?area=acores-east) that explains how
during the summer season the nearby coastlines collect extensive (on a local scale) sand beaches.
The area is also the river-mouth of some streams. As the archipelago’s climate is classified as
“Warm Temperate” [29], higher precipitation events are common. Such events are responsible for the
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transport of varying amounts of boulders and sand to the intertidal zone. As rough seas are commonly
registered in the archipelago, the boulders are easily rounded and shaped.

At the southeasternmost tip of the island, Ponta do Castelo presents the most complex wave
regime from the three sites studied. In the area, perpendicular (in direction) wave currents interact,
promoting rougher seas, even under fair-weather conditions. As a result of this exposure, no fine
sediment is deposited, and only a well-developed CBD is present.

In Ponta do Cedro, however, despite being found inside a bay, like Prainha, a plunging coastline
allows for no accumulation of sandy deposits, and a modern CBD also is absent. Ponta do Cedro and
Ponta do Castelo, however, share the same type of boulder source resulting from erosion of the area’s
high sea cliffs. Both these sites are situated in the rough eastern end of the island, where sea cliffs are
impressive in height.

2.3. Wave Energy and Direction

The Azores occupies a region in the NE Atlantic Ocean encompassing approximately 22,500 km?
(Figure 1a) and is characterized by a high level of marine storm activity. Hurricanes rarely cross through
the region during the annual Atlantic hurricane season, although tropical cyclones are common. Such
storms arrive from a zone off the west coast of Africa in the vicinity of the Cabo Verde Archipelago,
located at a lower 17° N latitude. Notwithstanding, extreme storm events tend to arrive once every
seven years, on average [6,30]. In contrast and as a result of the exposure to the strong NW North
Atlantic winds — the Westerlies [31], the northern exposures of islands are subject to winter storms. The
archipelago is also in the pathway the Gulf Stream makes from the North American coasts towards the
central zone of the North Atlantic [32,33], being so a source of many instability processes, meanders,
and eddies [34]. The main wave direction that affects the archipelago comes from WNW-NW [5,8,23].
Such predominance is reflected in the island’s bathymetrical morphology that shows higher erosional
rates on the W and N coasts. According to Rusu and Soares [11], and using the closest station to Santa
Maria Island (P18), present-day mean wave heights during summer is 1.75 and during winter is 3.20 m.
For the Azores archipelago, Santa Maria presents the lowest values regarding the mean values for
both seasons, and Corvo presents the highest. This variation in values has been related to the shadow
effect promoted mainly by Sao Miguel Island (North of Santa Maria), protecting it from the high wave
energy [13].

3. Methods

3.1. Data Collection

Original data were collected for both modern and MIS 5e coastal boulder deposits at two localities
(Prainha and Ponta do Castelo, Figure 1b) and only MIS 5e from one locality (Ponta do Cedro, Figure 1b).
Measurements from modern deposits were performed at mean sea level, while Pleistocene deposit
heights varied from ~2.5 m and as much as ~9.0 m above mean sea level (amsl) at five localities, all on
the southern and eastern shores of Santa Maria Island. The definition for a boulder adapted to this
exercise is that of Wentworth [35] for an erosional clast equal or greater than 256 mm and less than
4096 mm in diameter, with cobbles defined as clasts pertaining to the class 64-256 mm in maximum
diameter. For each data set, 25 of the largest available clasts were selected along a transect line parallel
to the shore spaced no more than one meter apart. Each clast required three measurements along
principle axes (long a, intermediate b, and short c). The initial calculation for volume was simply a
multiplication of the long, intermediate, and short-axis values. In all cases, this resulted in a cubical to
a rectangular shape that did not take into account the rounding of the boulders by erosion; therefore,
a final adjustment to 75% was made, regarding the volume estimates for each boulder, in accordance
with previous works [18,19]. Triangular plots were employed to demonstrate variations in boulder
shape, following the practice of Sneed and Folk for river pebbles [36]. Data regarding the maximum
and intermediate lengths perpendicular to one another from individual boulders were plotted in bar
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graphs to show potential shifts in size from one transect to the next. A brief description of the fossil
fauna in each site was also provided. This was important information, as, together with the geological
data, the presence of the characteristic MIS 5e thermophilic taxa [4] attested to the age of the deposit,
which was not possible to date due to the absence of suitable biogenic material (e.g., corals).

3.2. Hydraulic Model

With the determination of specific gravity based on the standard density value for oceanic basalt
at 3.0 g/cm?, a hydraulic model might be applied to predict the energy needed to transfer larger basalt
blocks from rocky shoreline to an adjacent coastal boulder deposit as a function of wave impact. Basalt
is a volcanic rock that forms from surface flows with variable thicknesses and a propensity to develop
vertical fractures. These factors regulate the size and general shape of blocks loosened in the cliff
face [6]. Herein, we used two different formulas to estimate the magnitude of storm waves applied to
joint-bounded boulders derived, respectively, from Equation (36) in the work of Nott [37] (Equation (1))
and from a recent formula of Pepe et al. [38] that used the velocity equations of Nandasena et al. [39] to
estimate wave heights (Equation (2)):

(Ps_Pw )a

_ N\ Pw

Hg = G (1)
(“=") O+ psxsin 0
( ;él .C.(COS gl sin )

Hs = 2)

100

where H is the height of the storm wave at breaking point; p; is the density of the boulder (3 tons/m>
or 3 g/cm3); py, is the density of water at 1.02 g/cm?; a is the length of the boulder on long axis in cm; c is
the length of the boulder on short axis in cm; 6 is the angle of the bed slope at the pre-transport location
(1° for joint-bounded boulders); s is the coefficient of static friction (=0.7); C; is the lift coefficient
(=0.178). Equation (1) was more sensitive to the length of a boulder at the long axis, whereas Equation
(2) was more sensitive to the length of a boulder on the short axis. Therefore, some differences were
expected in the estimates of Hg.

4. Results

4.1. Prainha on the South Shore

Located 3.5 km east of the harbor at Vila do Porto (Figure 1b), Prainha’s area presented
well-developed modern CBD, at heights of ~0.5 m amsl (Figure 2), as well as exposed Pleistocene
marine sequences, deposited on top of volcaniclastic rocks at an elevation of ~3 m amsl [40] (Figure 3).
Although CBDs were present all-year-round at Prainha, the location of this site (south coast of the
island) combined with the fact that Prainha was found within a bay, and taking into consideration the
wave regime, it resulted that, in some cases, the modern CBD was covered by sand. Raw data on clast
size in three dimensions collected from the two parallel transects at this locality are present in Tables 1
and 2.

Data points representing individual boulders grouped by transect were plotted on a set of
Sneed-Folk triangular diagrams (Figure 4a,b), showing shape variations. Those points clustered nearest
to the core of the diagrams were most faithful to an average value with somewhat equidimensional
axes in three directions. Only rarely any points fell into the upper-most triangle, which signified a
cube-shaped endpoint.

The majority of points from both sets fell within the central part of the two tiers beneath the
top triangle. However, the overall trend shared between the two sets traced a similar pattern angled
toward the lower right corner of the diagrams. The modern CBD at Prainha (Figures 2 and 4a)
demonstrated a greater tendency to elongate shapes represented by the endpoint for bar-shaped clasts.
No points appeared in the lower-left tier of either diagram, which represented an endpoint reserved
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for plate-shaped clasts. Although the general trend in slope was similar between the modern and
Pleistocene CBDs, the plots had no bearing on actual variations in clast size.

Variations in boulder size as a function of maximum and intermediate axis length were plotted
using bar graphs (Figure 5), based on raw data drawn from Table 1. The greatest number of boulders
in the sample measured from the modern CBD fell within a maximum diameter size range between 26
and 35 cm (Figure 5a), which qualified as small boulders in the Wentworth scheme [35]. The largest
boulders encountered at Prainha were few in number but ranged in size between 46 and 55 cm. The
tendency towards an elongated shape among these clasts was shown by a marked shift in the dominant
bin-size for the intermediate axis, within an interval of 16 to 25 cm (Figure 5b).

Figure 2. Modern coastal boulder deposit (CBD) eroded from adjacent basalt sea cliffs at Prainha (site 1).
Note that some boulders on the far inland end of the littoral boulder cordon were embedded within
the sand.

Figure 3. Pleistocene (MIS 5e, Marine Isotope Substage 5e) marine sequence, 2.5 m above the modern
CBD at Prainha (site 2). Note that, as modern CBD, Pleistocene boulders were covered by Pleistocene
fossiliferous sands.
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Table 1. Quantification of boulder size, volume, and estimated weight from the modern coastal boulder

deposit at site 1 at Prainha, on the southern coast of Santa Maria Island (see Figure 1b). The standard

density of basalt at 3.0 gm/cm® was applied uniformly in order to calculate wave height for each

boulder. EWH: estimated wave height (in meters), calculated according to equations from Nott [37]

and Pepe et al. [38]. See the methods Section 3.2. (hydraulic model).

Sample Long Axis Intermediate  Short Axis  Volume Adjust.  Weight EWH EWH Pepe
(cm) Axis (cm) (cm) (cm®) to 75% (kg) Nott [37]  etal. [38]
1 28.0 24.5 6.0 4116 3087 9.3 3.1 15
2 32.0 24.0 8.0 6144 4608 13.8 3.5 2.0
3 30.0 23.0 10.5 7245 5434 16.3 3.3 2.6
4 26.0 17.5 8.0 3640 2730 8.2 2.8 2.0
5 24.5 18.5 9.0 4079 3059 9.2 2.7 22
6 28.0 24.5 8.0 5488 4116 123 3.1 2.0
7 48.0 23.0 19.0 20,976 15,732 472 5.2 47
8 44.0 37.0 8.0 13,024 9768 29.3 4.8 2.0
9 43.0 29.0 8.0 9976 7482 224 4.7 2.0
10 38.0 25.0 7.5 7125 5344 16.0 41 1.8
11 39.5 27.0 11.0 11,732 8799 26.4 43 2.7
12 31.0 23.0 6.5 4635 3476 10.4 3.4 1.6
13 23.0 18.5 8.5 3617 2713 8.1 25 21
14 31.0 28.0 12.0 10,416 7812 23.4 3.4 3.0
15 28.0 20.5 9.0 5166 3875 11.6 3.1 2.2
16 34.5 25.5 13.0 11,437 8578 25.7 3.8 32
17 32.0 26.0 9.0 7488 5616 16.8 3.5 2.2
18 26.0 17.0 16.0 7072 5304 15.9 2.8 39
19 24.5 19.0 8.0 3724 2793 8.4 27 2.0
20 43.0 27.0 26.0 30,186 22,640 67.9 4.7 6.4
21 420 34.0 16.0 22,848 17,136 51.4 4.6 3.90
22 32.0 23.0 22.0 16,192 12,144 36.4 35 54
23 43.5 22.5 20.0 19,575 14,681 44.0 47 49
24 31.0 24.0 17.0 12,648 9486 28.5 3.4 42
25 13.0 10.0 85 1105 829 25 14 2.1

Table 2. Quantification of boulder size, volume, and estimated weight from the Pleistocene (MIS 5e,

Marine Isotope Substage 5e) coastal conglomerate at site 2 at Prainha, on the southern coast of Santa

Maria Island (see Figure 1b). The standard density of basalt at 3.0 gm/cm? was applied uniformly in order

to calculate wave height for each boulder. EWH: estimated wave height (in meters), calculated according

to equations from Nott [37] and Pepe et al. [38]. See the methods Section 3.2. (hydraulic model).

Sample Long Axis  Intermediate = Short Axis = Volume Adjust. Weight EWH Nott, EWH Pepe
(cm) Axis (cm) (cm) (ecm®) to 75% (kg) [37] et al. [38]
1 12.5 11.0 85 1169 877 2.6 14 2.1
2 8.5 6.0 4.0 204 153 0.5 0.9 1.0
3 8.0 5.0 4.0 160 120 0.4 0.9 1.0
4 12.0 85 6.5 663 497 1.5 1.3 1.6
5 10.5 6.5 4.0 273 205 0.6 1.1 1.0
6 13.0 11.0 10.5 1502 1126 34 1.4 2.6
7 9.0 8.0 3.0 216 162 0.5 1.0 0.7
8 25.0 13.5 13.0 4388 3291 9.9 2.7 3.2
9 10.0 7.0 6.0 420 315 0.9 11 15
10 8.0 5.0 4.0 160 120 0.4 0.9 1.0
11 9.0 5.0 45 203 152 0.5 1.0 1.1
12 10.0 8.0 6.0 480 360 11 11 15
13 11.0 7.0 4.0 308 231 0.7 1.2 1.0
14 16.5 10.5 5.0 866 650 19 1.8 12
15 8.5 5.5 2.0 94 70 0.2 0.9 0.5
16 15.0 6.0 5.0 450 338 1.0 1.6 12
17 14.5 7.5 5.0 544 408 12 1.6 12
18 8.5 5.5 2.5 117 88 0.3 0.9 0.6
19 9.0 55 4.5 223 167 0.5 1.0 1.1
20 10.5 8.0 45 378 284 0.9 1.1 1.1
21 7.0 5.5 3.0 116 87 0.3 0.8 0.7
22 12.0 7.5 55 495 371 11 1.3 14
23 9.0 5.5 3.0 149 111 0.3 1.0 0.7
24 14.5 8.5 4.0 493 370 11 1.6 1.0
25 20.5 11.0 8.0 1804 1353 4.1 22 2.0
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compared between modern and Pleistocene (MIS 5e) deposits. (a,b): Prainha. (c,d): Ponta do Castelo.
(e—g): Ponta do Cedro. (a,c): modern CBD at Prainha and Ponta do Castelo, respectively. (b,d), (e-g):
Pleistocene (MIS 5e) CBD at Prainha, Ponta do Castelo, and Ponta do Cedro, respectively.

In strong contrast, all clasts encountered from the Pleistocene (MIS 5e) conglomerate fell into
the category of cobbles as defined in the Wentworth scheme [35]. By far, the largest number of clasts
within the sample fell into the size range between 6 and 15 cm in maximum diameter (Figure 5c),
also replicated by the same frequency for the intermediate axis (Figure 5d). However, a subsample of
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smaller clasts in the size range of pebbles to small cobbles appeared in the sample measured for the
intermediate axis. Comparing the modern CBD at Prainha (Figure 2) with the general contents of the
Pleistocene conglomerate at the same locality, it was clear that wave conditions on the modern shore
eroded significantly larger clasts from the parent basalt rocky shore.

. 22+
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Figure 5. Bar graphs used to appraise variations in the long and intermediate axes on basalt clasts
from modern and Pleistocene CBDs at Prainha; (a) Long-axis length from clasts in the modern CBD;
(b) Intermediate-axis length from clasts in the modern CBD; (c¢) Long-axis length from clasts in the
Pleistocene CBD; (d) Intermediate-axis length from clasts in the Pleistocene CBD.

4.2. Context of the Pleistocene Fauna at Prainha

Prainha is one of the six Pleistocene (MIS 5e) fossiliferous outcrops described for Santa Maria
Island. MIS 5e CBDs are known from Prainha, Ponta do Castelo, Ponta do Cedro, and Pedra-que-pica,
but do not occur at Lagoinhas nor at Vinha Velha.

Prainha is the best-studied outcrop from Santa Maria Island, and its fossils being first reported by
Portuguese geologists [41,42]. After these pioneer works, Santa Maria outcrops’ and their fossiliferous
remains have been systematically described, with a total of 148 fossil marine-specific taxa presently
reported from the Santa Maria Last Interglacial deposits [4]. The most biodiverse invertebrate group
is, by far, the marine mollusks, with a total of 138 taxa (114 Gastropoda and 24 Bivalvia) [41,43—45]
reported for all MIS 5e deposits in the island (of these, 100 gastropods and 20 bivalve taxa are reported
from Prainha). It is followed by the Echinodermata (three taxa) and Cnidaria Anthozoa (one coral
taxa) [40,46,47]. Four species of coralline red algae have also been reported from the MIS 5e of
Prainha [48]. Finally, rare vertebrate remains have been described from the MIS 5e sedimentary
sequences in Santa Maria: one bony fish species, Sparisoma cretense (Linnaeus, 1758) reported from the
MIS 5e of Vinha Velha [49], and one undetermined Balaenopteridae species (a baleen whale) reported
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from the MIS 5e of Prainha [50]. As a result of its high palaeobiodiversity, a high number of scientific
studies, education and touristic potential, and the presence of extremely rare vertebrate cetacean
remains, Prainha is considered as a high-relevance, national geosite [15,16].

4.3. Ponta Do Castelo at the Island’s Southeast End

Located approximately 12 km farther east from Prainha (Figure 1b), the study site at Ponta do
Castelo occupied the extreme southeast corner of Santa Maria Island. There, a modern CBD was
entrained as a berm at mean sea level representing site 3, whereas the Pleistocene (MIS 5e) CBD was
lodged above Pliocene strata at a height ~4.3 m amsl, representing site 4 (Figure 6).

Figure 6. Modern coastal boulder deposit (CBD) eroded from basalt at Ponta do Castelo (site 3, see map
in Figure 1b) and overlying Pleistocene CBD preserved at a level 4.3 m above mean sea level at the
same locality (sites 4 and 5).

The high exposure of this site to the main sea currents and the local morphology did not allow the
deposition and maintenance of sand deposits. Raw data on clast size in three dimensions collected
from the two parallel transects at this locality are available in Tables 3 and 4.

Data points representing individual boulders grouped by transect were plotted on a set of
Sneed-Folk triangular diagrams (Figure 4c,d), showing shape variations. Compared to the pair of
Sneed-Folk diagrams from Prainha (Figure 4a,b), the Ponta do Castelo set was similar with regard
to the slope of points angled to the lower-right corner (Figure 4c,d). The main difference was that
the data set from the modern CBD at Ponta do Castelo (Figure 4c) was more diffuse throughout the
same subdivisions represented by the modern CBD at Prainha (Figure 4a). A higher number of points
registered in the top triangle marked a significant deviation in the Pleistocene (MIS 5e) CBD at Ponta do
Castelo (Figure 4d) compared with Prainha (Figure 4b). Overall, there was a greater tendency towards
equidimensional clasts in the Pleistocene (MIS 5e) CBD than in the modern CBD at Ponta do Castelo.
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Table 3. Quantification of boulder size, volume, and estimated weight from the modern coastal boulder

deposit at site 3 at Ponta do Castelo, from the southeast end of Santa Maria Island (see map, Figure 1b).

The standard density of basalt at 3.0 gm/cm3 was applied uniformly in order to calculate wave height

for each boulder. EWH: estimated wave height (in meters), calculated from equations in Nott [37] and
Pepe et al. [38]. See the methods Section 3.2. (hydraulic model).

Sample Long Axis  Intermediate  Short Axis  Volume Adjust. Weight EWH Nott, EWH Pepe
(cm) Axis (cm) (cm) (cm®) to 75% (kg) [37] et al. [38]
1 50.0 15.0 11.0 8250 6188 18.6 5.5 2.7
2 35.0 14.0 14.0 6860 5145 15.4 3.8 34
3 25.0 22.0 6.0 3300 2475 7.4 2.7 15
4 27.5 13.0 5.0 1788 1341 4.0 3.0 1.2
5 18.0 15.0 4.0 1080 810 24 2.0 1.0
6 23.5 19.0 6.0 2679 2009 6.0 2.6 1.5
7 22.5 20.0 10.0 4500 3375 10.1 2.5 25
8 32.0 29.5 7.0 6608 4956 14.9 3.5 1.7
9 32.0 17.0 11.0 5984 4488 13.5 35 2.7
10 31.0 16.0 12.5 6200 4650 14.0 34 3.1
11 25.0 16.0 5.0 2000 1500 4.5 2.7 12
12 22.0 20.0 9.0 3960 2970 8.9 24 22
13 27.0 18.5 5.0 2498 1873 5.6 2.9 12
14 20.0 14.0 9.0 2520 1890 5.7 22 22
15 23.0 15.5 6.0 2139 1604 4.8 2.5 15
16 21.0 13.5 43 1219 914 27 2.3 11
17 22.0 20.0 9.0 3960 2970 8.9 2.4 22
18 18.0 17.5 6.5 2048 1536 4.6 2.0 1.6
19 26.0 16.5 12.5 5363 4022 12.1 2.8 3.1
20 24.0 21.0 7.0 3528 2646 7.9 2.6 17
21 25.5 15.0 15.0 5738 4303 12.9 2.8 3.7
22 19.0 12.5 45 1069 802 24 2.1 11
23 21.0 12.5 5.0 1313 984 3.0 23 1.2
24 20.5 115 9.0 2122 1591 4.8 2.2 22
25 27.5 18.0 7.5 3713 2784 8.4 3.0 1.8

Table 4. Quantification of boulder size, volume, and estimated weight from the Pleistocene (MIS 5e)

conglomerate at site 4 at Ponta do Castelo, from the southeast end of Santa Maria Island (see map,

Figure 1b). The standard density of basalt at 3.0 gm/cm? was applied uniformly in order to calculate

wave height for each boulder. EWH: estimated wave height (in meters), calculated from equations in
Nott [37] and Pepe et al. [38]. See the methods Section 3.2. (hydraulic model).

Sample Long Axis  Intermediate  Short Axis  Volume Adjust. Weight EWH Nott, EWH Pepe
(cm) Axis (cm) (cm) (cm®) to 75% (kg) [371 et al. [38]
1 39.0 35.0 33.0 45,045 33,784 101.4 43 8.1
2 49.0 32.0 25.0 39,200 29,400 88.2 5.3 6.2
3 17.0 15.0 6.0 1530 1148 34 19 15
4 15.0 8.0 7.5 900 675 2.0 1.6 1.8
5 32.0 30.0 16.0 15,360 11,520 34.6 35 3.9
6 22.0 15.0 10.0 3300 2475 7.4 24 25
7 29.0 20.0 17.0 9860 7395 222 32 42
8 11.0 10.0 85 935 701 21 1.2 2.1
9 25.0 17.0 14.0 5950 4463 13.4 2.7 3.4
10 25.0 22.5 19.0 10,688 8016 24.0 2.7 47
11 33.0 28.0 20.0 18,480 13,860 41.6 3.6 49
12 23.0 16.0 10.0 3680 2760 83 2.5 25
13 20.0 14.0 9.0 2520 1890 5.7 2.2 22
14 30.0 20.0 14.0 8400 6300 18.9 3.3 3.4
15 14.0 12.0 10.0 1680 1260 3.8 1.5 25
16 18.5 20.0 13.0 4810 3608 10.8 2.0 3.2
17 14.0 10.5 7.0 1029 772 23 1.5 17
18 32.5 18.0 15.0 8775 6581 19.7 35 3.7
19 225 18.0 11.0 4455 3341 10.0 2.5 2.7
20 17.0 12.0 12.0 2448 1836 5.5 1.9 3.0
21 15.0 14.0 10.0 2100 1575 4.7 1.6 25
22 28.0 20.0 12.0 6720 5040 15.1 3.1 3.0
23 25.0 25.0 14.0 8750 6563 19.7 2.7 34
24 35.0 20.0 10.0 7000 5250 15.8 3.8 2.5
25 32.0 24.0 14.0 10,752 8064 24.2 35 3.4
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At Ponta do Castelo, variations in boulder size as a function of maximum and intermediate axis
length were plotted using bar graphs (Figure 7), based on the raw data drawn from Tables 3 and 4. The
general congruence between the modern and Pleistocene (MIS 5e) CBDs at Ponta do Castelo was strong,
especially compared to the marked difference in size variation observed between the modern and
Pleistocene (MIS 5e) CBDs at Prainha (Figure 5). Of foremost significance, 50% of measurements for
clast size through the long axis (Figure 7a) qualified as boulders based on the criteria of Wentworth [35].
The tendency towards elongated clasts in the modern CBD was shown by the higher frequency in the
bin size 6-15 cm for the intermediate axis (Figure 7b), whereas that bin size was void with respect to
the long axis (Figure 7a). Compared to the modern CBD, the Pleistocene CBD at Ponta do Castelo
exhibited only a small shift of data points into the size interval of 6 to 15 cm, but otherwise was similar.
The congruence between modern and Pleistocene CBDs at Ponta do Castelo was even more striking,
taking into account clast size measured on the intermediate axes (Figure 7b,d).
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Figure 7. Bar graphs used to appraise variations in the long and intermediate axes on basalt clasts from
modern and Pleistocene CBDs at Ponta do Castelo; (a) Long-axis length from clasts in the modern CBD;
(b) Intermediate-axis length from clasts in the modern CBD; (c¢) Long-axis length from clasts in the
Pleistocene CBD; (d) Intermediate-axis length from clasts in the Pleistocene CBD.

4.4. Context of the Pleistocene Fauna at Ponta Do Castelo

The MIS 5e sedimentary sequence at Ponta do Castelo is extremely poor, with only two gastropod
species reported: the limpet Patella aspera Roding, 1798, and the supra-littoral littorinid Tectarius striatus
(P.P. King, 1832). Nevertheless, Ponta do Castelo is considered as a geosite of international relevance
because of a set of specific conditions that allowed the preservation of a shelf tempestite deposit [21]
for which a precise water depth could be estimated. Additionally, it provides a good proxy for island
uplift/subsidence reconstructions [15,16].

4.5. Ponta Do Cedro on the Island’s East Shore

Located 3.0 km north of Ponta do Castelo, the third study area treated herein occurred on the
east shore of Santa Maria Island (Figure 1b). No modern CBDs occurred at this locality. However,
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a correlated line of Pleistocene CBDs might be traced laterally at elevations that ranged between
~2.65 m and ~9 m amsl, represented by study sites 5 to 7. Typically, the conglomerate at Ponta do
Cedro was as much as ~0.75 m in thickness and laterally continuous (Figure 8, site 6).

Figure 8. Pleistocene (MIS 5e) conglomerate 9 m above mean sea level at Ponta do Cedro (site 6).

Raw data on clast size in three dimensions collected from three study sites at this locality are

available in Tables 5-7.

Table 5. Quantification of boulder size, volume, and estimated weight from the Pleistocene (MIS 5e)

conglomerate at site 5 at Ponta do Cedro, on the east shore of Santa Maria Island (see map, Figure 1b).

The standard density of basalt at 3.0 gm/cm® was applied uniformly in order to calculate wave height

for each boulder. EWH: estimated wave height (in meters), calculated from equations in Nott [37] and
Pepe et al. [38]. See the methods Section 3.2. (hydraulic model).

Sample Long Axis  Intermediate = Short Axis  Volume Adjust. Weight EWH Nott, EWH Pepe
(cm) Axis (cm) (cm) (ecm®) to 75% (kg) [37] etal. [38]
1 32.0 20.0 16.0 10,240 7680 23.0 35 3.9
2 18.0 12.0 9.0 1944 1458 44 2.0 2.2
3 15.0 10.0 9.0 1350 1013 3.0 1.6 2.2
4 25.0 15.0 14.0 5250 3938 11.8 2.7 34
5 25.0 19.0 12.0 5700 4275 12.8 2.7 3.0
6 49.0 32.0 28.0 43,904 32,928 98.8 5.3 6.9
7 32.0 15.0 13.0 6240 4680 14.0 35 3.2
8 15.0 12.0 7.0 1260 945 2.8 1.6 17
9 11.0 6.0 5.0 330 248 0.7 12 1.2
10 11.0 11.0 4.0 484 363 1.1 12 1.0
11 16.0 9.0 8.0 1152 864 2.6 17 2.0
12 23.0 11.0 6.0 1518 1139 34 2.5 15
13 12.0 10.0 6.0 720 540 1.6 1.3 15
14 23.0 14.5 14.0 4669 3502 10.5 2.5 3.4
15 10.0 6.5 3.0 195 146 0.4 1.1 0.7
16 8.0 6.0 3.0 144 108 0.3 0.9 0.7
17 10.0 8.0 6.0 480 360 1.1 1.1 15
18 9.5 6.0 45 257 192 0.6 1.0 1.1
19 11.0 9.0 5.0 495 371 1.1 12 12
20 12.0 55 5.0 330 248 0.7 1.3 12
21 11.0 5.5 5.5 333 250 0.7 12 14
22 17.0 7.0 6.5 774 580 1.7 1.9 1.6
23 21.0 13.0 10.0 2730 2048 6.1 2.3 2.5
24 15.5 8.5 6.0 791 593 1.8 1.7 15
25 13.0 10.0 8.5 1105 829 2.5 14 2.1
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Table 6. Quantification of boulder size, volume, and estimated weight from the Pleistocene (MIS 5e)
conglomerate at site 6 at Ponta do Cedro, on the east shore of Santa Maria Island (see map, Figure 1b,
and field photo, Figure 9). The standard density of basalt at 3.0 gm/cm® was applied uniformly in order
to calculate wave height for each boulder. EWH: estimated wave height (in meters), calculated from
equations in Nott [37] and Pepe et al. [38]. See the methods Section 3.2. (hydraulic model).

Long Axis  Intermediate =~ Short Axis  Volume Adjust. Weight EWH Nott, EWH Pepe

Sample (cm) Axis (cm) (cm) (cm®) to 75% (kg) [371 etal. [38]
1 20.0 18.0 9.0 3240 2430 7.3 22 22
2 13.5 12.5 5.0 844 633 1.9 1.5 1.2
3 26.5 19.0 8.0 4028 3021 9.1 29 2.0
4 29.0 11.5 10.0 3335 2501 7.5 3.2 25
5 23.0 23.0 13.0 6877 5158 15.5 25 32
6 20.0 19.0 10.0 3800 2850 8.6 2.2 25
7 25.0 21.0 9.0 4725 3544 10.6 2.7 22
8 20.0 10.5 8.0 1680 1260 3.8 22 2.0
9 40.0 21.5 17.0 14,620 10,965 329 44 42
10 18.0 13.0 12.0 2808 2106 6.3 2.0 3.0
11 19.0 17.0 12.0 3876 2907 8.7 2.1 3.0
12 28.0 21.0 15.0 8820 6615 19.8 3.1 3.7
13 28.5 19.0 16.0 8664 6498 19.5 3.1 39
14 355 18.0 15.0 9585 7189 21.6 39 37
15 26.0 24.0 15.0 9360 7020 21.1 2.8 3.7
16 19.0 12.0 8.0 1824 1368 4.1 2.1 2.0
17 14.0 8.0 7.5 840 630 1.9 1.5 1.8
18 23.5 17.0 15.0 5993 4494 13.5 2.6 3.7
19 15.0 12.0 6.0 1080 810 24 1.6 1.5
20 30.0 26.0 26.0 20,280 15,210 45.6 3.3 6.4
21 27.0 15.0 15.0 6075 4556 13.7 29 3.7
22 20.0 12.0 10.0 2400 1800 54 2.2 25
23 17.0 12.0 8.0 1632 1224 3.7 1.9 2.0
24 31.0 17.0 11.0 5797 4348 13.0 34 2.7
25 56.0 36.0 16.0 32,256 24,192 72.6 6.1 39

Table 7. Quantification of boulder size, volume, and estimated weight from the Pleistocene conglomerate
at site 7 at Ponta do Cedro, on the east shore of Santa Maria Island (see map, Figure 1b). The standard
density of basalt at 3.0 gm/cm® was applied uniformly in order to calculate wave height for each boulder.
EWH: estimated wave height (in meters), calculated from equations in Nott [37] and Pepe et al. [38].
See the methods Section 3.2. (hydraulic model).

Sample Long Axis  Intermediate = Short Axis = Volume Adjust. Weight EWH Nott, EWH Pepe

(cm) Axis (cm) (cm) (ecm®) to 75% (kg) [37] et al. [38]
1 50.0 40.0 25.0 50,000 37,500 112.5 5.5 6.2
2 28.0 24.5 20.0 13,720 10,290 30.9 3.1 49
3 50.0 36.0 22.0 39,600 29,700 89.1 5.5 54
4 27.0 21.0 10.0 5670 4253 12.8 29 25
5 38.0 21.0 20.0 15,960 11,970 35.9 41 49
6 26.0 18.5 13.0 6253 4690 14.1 2.8 3.2
7 17.0 15.0 11.0 2805 2104 6.3 1.9 27
8 27.0 23.0 13.5 8384 6288 18.9 29 33
9 38.0 32.0 23.0 27,968 20,976 62.9 4.1 5.7
10 20.0 16.0 7.5 2400 1800 5.4 22 1.8
11 41.0 26.0 25.0 26,650 19,988 60.0 45 6.2
12 27.0 22.0 20.0 11,880 8910 26.7 2.9 49
13 26.0 20.0 15.0 7800 5850 17.6 2.8 3.7
14 25.0 16.0 9.0 3600 2700 8.1 2.7 22
15 20.0 15.0 9.0 2700 2025 6.1 2.2 22
16 19.0 16.0 10.0 3040 2280 6.8 2.1 2.5
17 15.0 10.5 10.0 1575 1181 35 1.6 2.5
18 16.5 13.0 6.0 1287 965 29 1.8 15
19 16.0 11.5 3.0 552 414 12 17 0.7
20 14.0 9.0 7.5 945 709 21 1.5 1.8
21 15.5 11.0 8.0 1364 1023 3.1 17 2.0
22 21.0 17.5 15.5 5696 4272 12.8 2.3 3.8
23 29.0 16.0 9.0 4176 3132 9.4 3.2 22
24 22.5 14.0 12.0 3780 2835 85 2.5 3.0
25 30.0 21.0 13.0 8190 6143 18.4 3.3 3.2

Data points representing individual boulders sampled from the conglomerate layer at Ponta do Castelo, correlated
at sites 5 to 7, were plotted on a set of Sneed-Folk triangular diagrams (Figure 4e-g).
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Figure 9. Bar graphs used to appraise variations in the long and intermediate axes on basalt
clasts from three sites of correlated Pleistocene CBDs at Ponta do Cedro; (a) Long-axis length from
clasts at site 5; (b) Intermediate-axis length from clasts at site 5; (c) Long-axis length from clasts at
site 6; (d) Intermediate-axis length from clasts at site 6; (e) Long-axis length from clasts at site 7;

(f) Intermediate-axis length from clasts at site 7.

Opverall, the distribution of clasts among the three Ponta do Cedro samples was highly consistent,
with 68-78% of data points limited to the two central blocks within the triangular plot. The occurrence
of data points in the top triangle, as well as the lower-right corner of the plot, were equally rare.
Even so, there was a tendency for the data clusters to slope towards the right, indicative of a slight
favorability towards elongated shapes. This trend was not nearly as strong as detected in modern
CBDs at Prainha (Figure 4a) or Ponta do Castelo (Figure 4c), but entirely consistent with trends in the
Pleistocene (MIS 5e) CBDs at Prainha (Figure 4b) or Ponta do Castelo (Figure 4d).

Variations in boulder size as a function of maximum and intermediate axis length were plotted
using bar graphs (Figure 9), based on raw data drawn from Tables 5-7. The percentage of boulders
in each Pleistocene sample was found to increase from the 20% (the more southern locality at site
5) to 48% (at site 6) up to the maximum value of 56% (the more northern locality at site 7). In each
case, there was a marked shift in the abundance of clasts measured on the intermediate axis allocated
to the size range between 6 and 15 cm (Figure 9b,d,f). Such a trend reinforced the impression that
the Pleistocene (MIS 5e) basalt clasts conformed to a moderately oblong shape. Site 5 (Figure 9a,b)
stood out among all the Pleistocene samples as most dominated by clasts defined by cobble size. In
contrast, sites 6 and 7 were remarkably similar in their size distributions. Moreover, these samples
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were indistinguishable from the Pleistocene CBD sample at Ponta do Castelo, which also included a
high concentration of boulders.

4.6. Context of the Pleistocene Fauna at Ponta Do Cedro

At Ponta do Cedro, preliminary work allowed us to report a total of 13 Last Interglacial mollusk
taxa (12 gastropods and 1 bivalve species). As in other MIS 5e outcrops (e.g., Prainha, Vinha Velha,
Lagoinhas), the thermophilic element was present through several species of Conus and of the
Pisaniidae Gemophos viverratus (Kiener, 1834) (=Cantharus variegatus). Ponta do Cedro was classified as
a fossiliferous geosite of regional relevance [15,16], a situation that would change in the near future, as
a result of ongoing work.

4.7. Analysis of Calculated Storm-Wave Heights

A summary of key data was provided (Table 8), pertaining to average boulder size and maximum
boulder size from the five Pleistocene (MIS 5e) transects and two modern transects as correlated with
weight calculated on the basis of specific gravity for basalt, using the equations derived by Nott [37] and
Pepe et al. [38]. These data were applied to estimate the wave heights required to transport boulders
from the bedrock source in sea cliffs to their resting place, and variations in the results depended on
the equations used.

Table 8. Summary data from Tables 1-7, showing maximum boulder size and estimated weight
compared to the average values for all boulders (n = 25) from each of transects 1-7 together with
calculated values for wave heights estimated as necessary for boulder mobility. Estimated average
wave height (EAWH; in meters) and estimated maximum wave height (EMWH; in meters), calculated
according to equations derived by Nott [37] and Pepe et al. [38]. (see the methods Section 3.2. (hydraulic
model)). Maximum values for each Transect in bold.

A Average Average EAWH EAWH EMWH EMWH
Transect Locality ge of the Boulder Boulder Ma’f Boulder Nott Pepe Nott, Pepe
CBD . . Weight (kg) 4 !
Size (cm3  Weight (kg) gt te [371  etal.[381  [37]  etal. [38]
1 Prainha Modern 7490 225 67.9 3.6 29 5.2 6.4
2 Prainha MIS 5e 476 14 9.9 1.3 1.3 2.7 32
3 Ponta do Castelo Modern 2713 8.1 18.6 2.8 2.0 55 3.7
4 Ponta do Castelo MIS 5e 6731 20.2 101.4 2.7 3.3 5.3 8.1
5 Ponta do Cedro MIS 5e 2772 8.3 98.8 19 2.1 5.3 6.9
6 Ponta do Cedro MIS 5e 4933 14.8 72.6 2.7 29 6.1 6.4
7 Ponta do Cedro MIS 5e 7680 23.0 112.5 29 3.3 5.5 6.2

First, we have discussed the estimates using Nott’s equation. The estimated wave height needed
to move the largest boulder encountered in the Pleistocene (MIS 5e) transects (transect 6 at Ponta do
Cedro) amounted to 6.1 m. The comparison between the Prainha and Ponta do Castelo modern and the
Pleistocene (MIS 5e) CBD gave contrasting results; at Prainha, the average boulder size and weight and
estimated average wave height were higher in the modern CBD in comparison with the Pleistocene
CBD, whereas at Ponta do Castelo, it was the opposite trend. Moreover, the estimated maximum wave
height required to shift boulders was very similar in all sites (ranging from 5.2 to 6.1 m) but Prainha
(MIS 5e), where this value was about half (2.7 m). There was also a large difference between the largest
boulders from Prainha (MIS 5e) and Ponta do Castelo (modern) CBDs, which were much smaller than
those from the other sites (Table 8).

The results using the equation of Pepe et al. [38] were different from those using Nott’s equation [37],
as the former consistently indicated that the maximum values for both the estimated average wave
height (EAWH) and the estimated maximum wave height (EMWH) occurred at the MIS 5e transects
(at Ponta do Castelo and Ponta do Cedro, in the case of the EAWH; at Ponta do Castelo, in the case of
the EMWH; cf. Table 8).
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5. Discussion

5.1. CBD: Tsunami Versus Storms, and the Use of Flawed Equations

A recently published field-test of the hydrodynamic equations, based on the Nott-Approach and
their derivations [51-54], failed to validate estimations of the wave height from boulder dimensions
and concluded that such equations were flawed because they yielded unrealistically large heights [55].
These authors also stated that the Nott-Approach analysis did not differentiate between storm and
tsunami waves [55]. Such criticism might be valid, but acceptance in full threatens to nullify any
attempt to engage in the quantification of CBDs from the geologic record. The Nott-Approach remains
useful and is applied solely to compare the relative storminess imprint left in CBDs from different
time-periods (MIS 5e vs. modern, as in our example), but located at the same site. For this particular
case and question, it does not matter that equations may be flawed because the errors are uniformly
carried through the exercise. What is important is that such equations function to detect consistent
differences between the estimated wave heights for the past (MIS 5e) and for the modern situation.
Moreover, they also provide the magnitude of possible differences.

CBDs should be portrayed as archives of extreme wave events, and their origin may be due
to either storm waves or tsunamis. All CBDs studied in Santa Maria Island have no characteristics
of tsunami deposits (e.g., imbrication of the boulders, erosive base (scour-and-fill features), rip-up
clasts of the underlying substratum, downward-injected clastic dykes inside the palaeosol, traction
figures; [56]), and we have, therefore, interpreted them as the result of storm waves.

The width of Santa Maria Island’s insular platform is larger in the N and W (although this is
not apparent in the western shores, as a result of the uplift of the island) due to the higher offshore
significant wave heights mainly coming from the NW, W, and N [24]; in contrast, at the south and
eastern shores, the insular platform is quite narrow [25]. However, the most destructive storms
(and, therefore, with higher wave heights) that impacted the Azores in recent times (and we assume a
similar pattern in the past) were related to the passage of hurricanes. As these have a counter-clockwise
rotation in the northern hemisphere, its passage most strongly affects precisely the southern and
eastern shores of the islands, thus providing a possible explanation for the limited occurrence of CBD.
Based on the historical record, recent hurricanes that struck the islands in the Azores Archipelago
include “Hurricane 15” (1932), Hannah (1959), Debbie (1961), Fran (1973), Gordon (2006 and 2012),
Gaston (2016), Ophelia (2017), and Lorenzo (2019). A direct hit on Santa Maria Island at 37° N entails a
northward shift in the latitude of 10° and a longitudinal travel distance of roughly 2000 km. Hurricane
frequency in the Azores is regarded as on the rise during the last 50 years [30]. The strong Pliocene
sedimentary record on Santa Maria reflects some indication of hurricane activity on the southern
coast [57], where the marine shelf is narrowest (Figure 1b). Moreover, the island’s geological record
holds evidences of Pliocene deep wave interaction with the seafloor, reaching 50 m depth (Ponta do
Castelo, [21]), thus suggesting a high likelihood of large-size boulder transport.

During the Last Interglacial, the average values for summer insolation were about 11% higher
than those of today [58], the oceanic Polar Front was pushed north-westwards by the Gulf Stream
warmer sea surface temperatures (55Ts) [59], and the summer position of the Azores High was forced
E of its present location to around 35°N and 20-25°W, i.e., between the Azores and Iberia [60]. These
oceanographic conditions induced a stronger North Atlantic storm track, shifted northward from its
present location, and extended to the east [4]. Altogether, the storminess associated with tropical
cyclones is expected to have been higher during the MIS 5e than today [1,3,61], as a result of the North
Atlantic Subtropical High eastward shifting from its present location. However, the occurrence of
“superstorms” during the Last Interglacial has been recently questioned by authors [62,63]. Therefore,
probably, the higher storminess that most authors suggest for the Last Interglacial is related to a higher
frequency of hurricanes and not necessarily with higher wave heights.
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5.2. Comparison between Model Wave-Height Data and Inferred Modern Wave-Height

Our study yielded modern CBD estimated averages for wave heights varying from 2.8 to 3.6 m
(using Nott’s Equation (1)) and from 2.0 to 2.9 (Pepe et al.’s Equation (2)) (Table 8). The former values
were higher than the mean values presented by Rusu and Onea [31] for the archipelago, which varied
from 2.23 to 2.55 m, a situation that other authors also reported [55], with Nott’s Equation consistently
yielding wave height values higher than those registered by modern wave buoy. In contrast, the
maximum calculated estimate wave heights of 5.5 m (Equation (1)) and 6.4 m (Equation (2)) (Table 8)
did not get close to the lowest maximum value of Rusu and Onea [31] of 9.18 m.

The values obtained for the Pleistocene (MIS 5e) estimates were similar using both formulas, with
wave height estimates varying from 1.3 to 2.9 m (Equation (1)) and from 1.3 to 3.3 m (Equation (2));
however, the maximum wave height estimates were quite different: 6.1 m (with Equation (1)) and
8.1 m (Equation (2)) (Table 8). These discrepancies highlighted the serious reserves [55], regarding the
use of these formulas when solely targeted to the inference of modern (or past) wave heights, based on
the dimensions/mass of the boulders.

Considering the general morphology of the sites, the nature of the boulders, and the processes
that lead to its shaping, and albeit based on only two sites (Prainha and Ponta do Castelo; cf. Table 8),
where it was possible to compare the modern CBD with the MIS 5e CBD, the results showed contrasting
site-dependency. At Prainha, modern storminess was estimated to be higher during the Last Interglacial
(independent of which equation was used), whereas at Ponta do Castelo, MIS 5e storminess should
have been highly similar to the modern one (using Equation (1)) or higher (Equation (2)).

Further analysis is needed from other islands having similar MIS 5e/modern sites situation before
sound conclusions might be reached regarding such a restrictive use of formulas, otherwise argued to
be flawed [55]. Finally, a set of parallel profiles to the sea (at different heights) should be undertaken
with respect to modern CBDs, as well as perpendicular profiles, in order to check for possible boulder
size changes according to distance from present-day sea level. This analysis could also help to relate
a mean boulder dimension to an average distance to the sea. An in-depth analysis of Pleistocene
(MIS 5e) wave-cut surfaces will also enhance our knowledge of coastal retreat, average erosion rates,
and wave activity.

5.3. Comparison with CBD Studies Elsewhere

A recent review [64] indicated that although significant studies have dealt with the Quaternary
CBDs, only 21 papers studied the Neogene deposits (10 of Miocene and 9 of Pliocene age, plus 2
works dealing with both epochs), mostly due to their low preservation potential [64]. According to our
literature survey, this was the first study on Pleistocene CBDs conducted on the Atlantic oceanic islands.
Moreover, previous works using the same methodology dealt with the different rocky composition of
the CBDs (limestone, rhyolite, and andesite) [17-19]; this paper being also the first to use the same kind
of analyses in regard to basalt, which has higher specific gravity than any of the other rocks tested.
Therefore, for similar size CBDs, basalt boulders will require a more energetic wave to be moved.

6. Conclusions

Limited to comparative results from modern and late Pleistocene (MIS 5e) boulder deposits
on the southern and eastern shores of Santa Marina Island, the present study permitted the
following conclusions:

1) Wave heights estimated on the basis of the largest modern boulders from CBDs on the modern
south shore of Santa Maria Island indicated maximum values between 5.2 and 5.5 m (Equation (1))
and between 3.7 and 6.4 m (Equation (2)), which was 2 m higher than the expected average height
experienced during winter storms, supporting the conclusions of [55] regarding the advice on the
non-use of these formulas because of unrealistic, flawed estimates of wave heights;
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2) Regarding storminess, our results were contradictory and did not allow any conclusion about
possible higher storminess during the Last Interglacial when compared with the present-day, and
recorded in the CBDs of Santa Maria Island;

3) Historical records of storm activity, coupled with the westerlies regime predominant in the
Azores area, placed a stronger emphasis on the seasonal effect of winter storms that preferentially
influence shore erosion on north-facing coasts. Although the historical record indicates that hurricane
activity is less frequent in the islands, its erosional effect against a south- and eastern-facing shores
must be considered. From the available data derived from CBDs and coastal geomorphology around
Santa Maria Island, it was clear that wave action both today and approximately 125,000 years ago
during MIS 5e remained consistently highest against the eastern and south-eastern coasts at Ponta do
Cedro and Ponta do Castelo. These localities also correspond to areas where the island’s marine shelf is
narrowest. Although the historical incidence of hurricanes passing through the Azores Archipelago is
statistically low compared to the arrival of annual winter storms, the migration of hurricanes moving
in a counter-clockwise rotation across the North Atlantic Ocean conforms to the evidence for excessive
erosion rates in those districts beyond the capacity of winter storms.

The abundant fossil record on Santa Marina Island that makes accurate dating possible for the
Late Pleistocene (MIS 5e) interglacial epoch is not available elsewhere in the Azores Archipelago,
but future research on MIS 5e versus modern CBDs (whenever located in the same site) from other
archipelagos is expected to apply the same formulaic techniques to extract information on storminess.
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