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The Neogene is a globally recognized interval of geologic time that lasted from
23 until 1.8 million years ago, also divided into two geological periods: the Miocene and the
Pliocene [1]. Eight contributions to this Special Issue are available for study and comparison,
which span not only the Neogene but the last 1.8 million years of Earth history including
the Pleistocene glacial and inter-glacial epochs followed by the Holocene beginning only
10,000 years ago. Like today, past hurricane events were responsible for the erosion of
rocky shores due to the impact of storm waves and for the development of flood deposits
due to heavy rainfall after big storms made landfall. The former had the potential to result
in coastal boulder beds (CBDs) eroded from sea cliffs and the latter in coastal outwash
deposits (CODs) derived from upland sources. Two key events are widely recorded during
the Neogene, known as the Middle Miocene climatic optimum (about 15 million years ago)
and subsequent Pliocene climatic optimum (between ~4.5 and 3.0 million years ago) [2].
During those peak times, the global average temperature and average sea level were higher
compared to today. Major sea storms originating as subtropical depressions may have been
more common on the high seas and more effective in making landfall over islands and
continental shores. The survey conducted by Ruban (2019) [3] was the first contribution
to this Special Issue. It reviews 21 studies almost evenly divided between the Miocene
and Pliocene. All feature a mixture of boulder-size clasts exceeding 25.6 cm in diameter,
although the original author’s intent was not always explicit with the identification of
a CBD related to storm activity. Indeed, some examples are attributed to a delta setting
more consistent with a COD and others are interpreted as tsunami deposits. The overall
relevance of the Special Issue is that the Neogene acts as a casement for a bridge head that
connects the past to the present time with increased global warming inducive to expanded
hurricane activity [2].

The co-editors of this Special Issue (SI) have a particular interest in Mexico’s Baja
California peninsula and adjacent Gulf of California (also known as the Sea of Cortez).
Three contributions to the SI detail CBDs along the eastern seaboard of the peninsula within
the Gulf of California [4-6]. Studies conducted on Isla San Luis Gonzaga in the upper or
northern part of the Gulf [4], as well as at Puerto Escondido on the peninsula’s central
coast [5], relate to the erosion of andesite sea cliffs during the Holocene time. The study on
Isla San Diego in the lower or southern part of the Gulf [6] deals with Pleistocene storm
events that occurred approximately 125,000 years ago. A unique feature of these studies is
the application of a triangular plotting system that takes into account the shape of eroded
shore bounders, based on measurements in three dimensions. More perfectly spherical
boulders plot near the apex of the triangle, and boulders that are more elongated in shape
plot towards the lower, right corner of the triangle. Relatively few boulders derived
from andesite rocky shores [4,5] plot as spherical in shape, whereas the trend toward
elongated boulders is notably prominent. The same is generally true of boulders derived
from granodiorite rocky shores [6], which formed from the slow cooling of magma deeper
within the earth’s crust when compared to surface flows associated with the regionally
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more common andesite. However, the sheeted exfoliation of granodiorite typical of its
natural weathering appears to have resulted in similarly shaped boulders favoring an
elongated form. Another aspect of Isla San Diego includes a tail of eroded boulders
observed as extending underwater from the southern end of the island for a distance of
nearly 1.5 km [6], believed to be formed under the influence of recent storm activity.

Three contributions to the SI [7-9] relate to island deposits in the North Atlantic Ocean.
From the Azorean island of Santa Maria [7], comparisons are made among paired CBDs
of Pliocene and Pleistocene origin exposed along the southern coast of that island. A
Pleistocene CBD [8] is described from Gran Canaria in the Canary Islands. A Holocene
CBD is analyzed from Leka Island at a high latitude off the coast of Norway. These Atlantic-
island studies conform to the same procedures entailed in the analysis of boulder shapes as
shown for the CBDs from Mexico’s Gulf of California, and each pays attention to the key
factor of rock density. Generally smaller in size, the cobbles and boulders at Steypet on Leka
Island were eroded from low-grade chromite ore with a density of 3.32 g/cm?3.This reflects
the highest-density rock type yet studied for its hydrological properties in a coastal setting.
The basalt from the Canary and Azores registers between 2.8 and 3.0 g/cm?. The density
of granodiorite from Isla San Diego in the Gulf of California was found to be 2.5 g/ cm? [6],
whereas andesite samples from Puerto Escondido and Isla San Luis Gonzaga were found
to register a density of 2.3 g/cm? or higher [4,5]. While it is routine to consider the rock
density when studying the hydrology of boulders under wave attack from individual study
localities, the data from multiple localities summarized in one place makes for interesting
comparisons. The same amount of wave energy necessary to budge the smallest boulder at
Steypet, for example, is expected to shift a boulder with significantly more volume on an
igneous rocky shore elsewhere.

Last, the paper by Ruban (2020) [10], which is complimentary to his initial contribution
to the SI [3], provides a path forward with examples for future studies of CBDs based
on satellite reconnaissance. Such techniques will be critical in the search for additional
Neogene localities with mega-clast deposits preserved in coastal settings. Where it focuses
on the Middle Miocene climatic optimum and later Pliocene climatic optimum [2], this
agenda is sure to prove useful as climatologists make comparisons with the past to gauge
the future consequences of global warming related to the erosive power of hurricanes.
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Abstract: Modern geoscience research pays significant attention to Quaternary coastal boulder
deposits, although the evidence from the earlier geologic periods can be of great importance.
The undertaken compilation of the literature permits to indicate 21 articles devoted to such deposits
of Neogene age. These are chiefly case studies. Such an insufficiency of investigations may be
linked to poor preservation potential of coastal boulder deposits and methodological difficulties.
Equal attention has been paid by geoscientists to Miocene and Pliocene deposits. Taking into account
the much shorter duration of the Pliocene, an overemphasis of boulders of this age becomes evident.
Hypothetically, this can be explained by more favorable conditions for boulder formation, including a
larger number of hurricanes due to the Pliocene warming. Geographically, the studies of the Neogene
coastal boulder deposits have been undertaken in different parts of the world, but generally in those
locations where rocky shores occur nowadays. The relevance of these deposits to storms and tsunamis,
rocky shores and deltas, gravity processes, and volcanism has been discussed; however, some other
mechanisms of boulder production, transportation, and accumulation (e.g., linked to seismicity and
weathering) have been missed.

Keywords: bibliography; large clasts; Miocene; Pliocene; rocky shore; storm; tsunami

1. Introduction

Modern marine sedimentology grows rapidly, and new research directions have strengthened in
the past two decades. One of such directions embraces studies of coastal boulders. On the one hand,
these studies aim at development of nomenclature of large clasts. Concerning nomenclature, some
advances have been made in the works by Blair and McPherson [1], Blott and Pye [2], Bruno and
Ruban [3], and Terry and Goff [4]. On the other hand, boulders are regarded as precious evidence
of present and ancient rocky shore facies and extreme events (such as storms, tsunamis, hurricanes,
typhoons, and cyclones). This evidence has been examined by Autret et al. [5], Bhatt et al. [6], Biolchi
etal. [7], Cox et al. [8-10], Dawson [11], Engel et al. [12], Erdmann et al. [13], Hearty and Tormey [14],
Herterich et al. [15], Hongo et al. [16], Johnson et al. [17,18], Kennedy et al. [19], Kortekaas and
Dawson [20], Lau et al. [21], Olsen et al. [22], Paris et al. [23], Pepe et al. [24], Scheffers et al. [25],
Schneider et al. [26], Shah-Hosseini et al. [27], Suanez et al. [28], Terry and Goff [29], Terry et al. [30],
Trenhaile [31], Watanabe et al. [32], and Weiss and Sheremet [33]. Most probably, the devastating
catastrophes like the 2004 Indian Ocean tsunami [34] and the 2011 Tohoku tsunami [35] have fueled
the interest of researchers in coastal sedimentology and, particularly, large clasts [36]. Evidently,
investigations of the two noted issues often interconnect.
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A significant amount of information about coastal boulders has accumulated, and it appears to be
highly important to systematize it for further critical analysis and conceptualization. Such an approach
is very common in social sciences [37-39], although geoscientists, unfortunately, often underestimate
its potential. Marine sedimentologists need a simple guide permitting orientation in the growing
research direction. The objective of the present paper is to offer an overview of the literature on Neogene
coastal boulder deposits with some inferences on the current state of research. The importance of
such a bibliographical analysis in megaclast research was demonstrated earlier [40]. The peculiarities
of this paper are triplicate. First, it presents a synopsis summarizing the already-published data.
Second, it focuses on the principal literature sources on the noted subjects, which means articles in
international journals accessible via major bibliographical databases and considering large clasts in
their title, abstract, and/or keywords. Third, this paper deals with the only Neogene Period, the
sedimentary record of which is significantly more representative than that of the earlier periods, but
differs from the Quaternary coastal deposits.

2. Conceptual Basis

2.1. Terminology

The focus of the present paper requires clear definition of several terms, from which two principal
terms are “boulder” and “coastal boulder deposit”. Evidently, the former indicates a sedimentary
particle (clast, grain), and the latter indicates a specific sediment type consisting of (dominated by)
such particles.

In the “classical” geological literature, the term “boulder” refers to particles larger than 256 mm (e.g.,
according to the widely used Udden-Wentworth classification scheme) [3]. However, intensification of
studies of large clasts occurring in storm- and tsunami-related deposits raised the question of a more
detailed nomenclature of such sedimentary particles. In 1999, Blair and McPherson [1] proposed a
nomenclature of large clasts and limited the upper size of boulders to ~4 m (larger clasts are blocks).
Different approaches were proposed later [2—4]. Of special interest is the distinction between boulders,
mesoboulders, and macroboulders attributing to different categories [4]. Boulders are also opposed
to megaclasts (Figure 1). Up to now, there is not broad, international agreement of how large clasts
should be termed. As a result of this, it is not a mistake to use the very general term “boulder” for
all sedimentary particles larger than 256 mm, except for only some specific studies focusing on the
nomenclature development or devoted to a very particular size category of large clasts. In the present
paper, this term is considered in such a broad way, and its partial substitutes (like megaclasts) are also
taken into account.

el boulder
block
i boulder boulder
boulder

clast size
T

=

0.1
“Classical” Blair and Blott and Pye  Terry and Goff Bruno and
Udden-Wentworth  McPherson (2012) (2014) Ruban (2017)
(pre-1999) (1999)

Figure 1. Different definition of boulders (see text for references).
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The term “coastal boulder deposit” has been used in the works of several authors, although
it still requires proper definition. Consideration of the context of its usage in the journal articles
permits outlining some characteristics of such a sedimentary formation. These include, particularly,
accumulation of boulders distinguished by their large size and/or huge weight [9,10,17,18,25-27],
angularity with certain roundness [8], high-topography and inland occurrence [8,9,25,27], high-energy
coastlines [5,8,15,17], and relevance to storm and tsunami activity [9,10,18,26,27]. It is notable
that the previous works focused more on boulders individually rather than on entire deposits.
Even the superficial analysis of the available literature implies that one should distinguish coastal
boulder-dominated deposits, i.e., deposits consisting chiefly of boulders (say with their amount of
>50%), from coastal boulder-bearing deposits, i.e., deposits dominated by sedimentary particles of
lesser size (sand, gravel, cobble, etc.) and bearing a small number or individual boulders. Interestingly,
such individual boulders, if too large in size, may look sediment-dominating. The problem seems to be
even more complicated in the case of ancient deposits. Large clasts themselves are subject to erosion in
the coastal zone with active hydrodynamics, and, thus, large clasts tend to disappear quickly from
the geological record. As a result, an ancient coastal boulder-bearing deposit may be legacy of the
really existed boulder-dominated deposit. Until these problems are resolved and the nomenclature of
large-clast deposits is fixed, it is possible to apply the general term “coastal boulder deposit” broadly,
but preferably in those cases when boulders tend to concentrate.

Dewey and Ryan [41] introduced the term “boulderite”. Evidently, this can be applied to
boulder-dominated deposits. Importantly, the both modern and ancient deposits of this type are called
as boulderites [41]. It is the right of the noted authors to use it so, although one may question whether
the term “boulderite” can be used for only ancient boulder-dominated deposits, i.e., sedimentary rocks,
not recent sediments.

2.2. Stratigraphical Framework

The Neogene Period lasted ~20.5 Ma, and it is subdivided into the Miocene and Pliocene Epochs.
After strong disputes in the 2000s when the Neogene was extended to the Holocene, a “classical”
(almost) scheme has been fixed by the International Commission on Stratigraphy (Table 1), although it
is not excluded that the formal definition of the Anthropocene would result in reorganization of the
Late Cenozoic stratigraphical nomenclature with subsequent changes in the extent of the Neogene.

Table 1. Current version of the Neogene time scale (after International Commission on Stratigraphy [42]).

Eon Era Period Epoch Stage Numerical Age (Ma) of Stage Start
Quaternary 2.580
Pliocene Piacenzian 3.600
Zanclean 5.333
Messinian 7.246
Tortonian 11.63
Phanerozoic Cenozoic Neogene Miocene Serravallian 13.82
Langhian 15.97
Burdigalian 20.44
Aquitanian 23.03
Paleogene 66.00

What is necessary to note is the significant disproportion of the Neogene subdivision: the Miocene
constitutes ~87% of the period length, and, thus, the Pliocene seems to be too short. This fact should
be taken into account when the temporal distribution of any class of geological objects like coastal
boulder deposits is analyzed by epochs.
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3. Bibliographical Synopsis
3.1. Research Foci

Although coastal boulder deposits are mentioned in the modern geoscience literature not so
rarely, the majority of works deal with the recent and Quaternary boulders. The knowledge of the
Neogene sediments of this type remains very restricted. The number of the principal sources does
not exceed two dozen. Most probably, this reflects the both low preservation potential of large clasts
that themselves are subject of erosion and destruction starting immediately after their deposition and
the absence of well-known and broadly accepted techniques for their investigations in the geological
record. Nonetheless, the research in the Neogene coastal boulder deposits intensified in the 2010s
when up to a half of these principal works were published (Table 2).

Table 2. General information about the localities considered in the main articles on Neogene coastal

boulder deposits (see also Tables 3-5 for terms, ages, and depositional environments).

Location and/or

Work Locality ID Formation Context of Study
Aguirre and Jimenez, 1997 [43] 1 Almeria-Nijar Basin Palaeobiological: hard-bottom coastal communities
Allen et al., 2007 [44] 2 Manukau Subgroup Sedlment.ologl.cal: subm.arme
volcaniclastic deposition
Cantalam;;sozeillngl Celma, 3 Mejillones Peninsula Sedimentological: tsunami backwash deposits
Dewey and Ryan, 2017 [41] 4 Matheson Formation Sedimentological: dep_o_smon under
extreme conditions
Edwards et al., 2004 [46] 5 Lady Julia Percy Island Sedlmer\tologlca_l and _geomorphologlcalz
volcanic environment
Isla Cerralvo, Baja Stratigraphical and sedimentological: massive
Emhoffetal, 2012 [47] 6 California Sur crushed-rhodolith deposit
Gutierrez-Mas and Mas, 2013 7 Gulf of Cadiz Sedimentological: dep'o'sltmn under
[48] extreme conditions
Hanken et al., 1996 [49] 8 Northeast Rhodes Sedimentological: deposition in coastal graben
Hartley et al., 2001 [50] 9 Hornitos; La.Portada Sedimentological: tsunamite
Formation
Hood and Nelson, 2012 [51] 10 eastern Taranaki Basin Sedimentological: c.arbonate debrites and
tectonic control
Johnson, 2006 [52] global Sedimentological and pglaeoblologlcal: rocky shores
and their ecosystems
. . Sedimentological and palaeobiological:
Johnson et al., 2011 [53] 11 Madeira Archipelago thodolith transport
Johnson et al., 2012 [54] 6 Isla C_erralyo, Baja Sedimentological and p_alaeoblologlcalz rhodolith
California Sur stranding event
Le Roux et al., 2004 [55] 12 Coquimbo Formation Sedimentological: scarp-controlled rocky shoreline
. Western Cape; Prospect . - . .
Roberts and Brink, 2002 [56] 13 Hill Formation Stratigraphical: dating of coastal deposits
Rodriguez-Tovar et al., 2015 [57] 14 Sorbas basin Palaeobiological: borings in gneiss boulders
o o Chita Peninsula; . - .
Shiki and Yamazaki, 1996 [58] 15 Morozaki Group Sedimentological: upper bathyal tsunamites
Tachibana and Tsuji, 2011 [59] 15 Chita Peninsula; Sedimentological: er bathyal tsunamites
! Wl . Morozaki Group v gical upp yaltsu
Watkins, 1992 [60] 16 Salton Trough reglon; Seldlmentologlcal and palaeobiological: shalloyvl
Imperial Formation marine conglomerates and the relevant communities
o Balgoy; Oosterhout Palaeobiological: brachiopod-dominated sea-floor
Wesselingh et al, 2013 [61] 7 Formation assemblage from hardened sandstone boulders
Papuan Peninsula; . - .
Winn and Pousai, 2010 [62] 18 Orubadi and Sedimentological: alluvial-fan and

Era Formations

fan-delta deposition
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Interestingly, different researchers use different terminology (Table 3). The majority informs
about boulders. In only one case megaclasts are mentioned. Coastal boulder deposits are indicated in
five works, although in none of them the term “coastal boulder deposit” is used. These deposits are
recognized as boulder beach, boulder conglomerate, or boulderite. Boulder-bearing conglomerate and
breccia are also considered, but these should be distinguished from boulder-dominated deposits (see
terminological notes above). Finally, a few works employ two or even three terms simultaneously.

Table 3. Coastal boulder-related terminology in the main articles on Neogene coastal boulder deposits.

Basic Terms

Work
Boulder Coastal Boulder Deposit Megaclast Other
Aguirre and Jimenez, 1997 [43] +
Allen et al., 2007 [44] +
Cantalamessa and Di Celma, 2005 [45] + boulg:é;lzie:ring
Dewey and Ryan, 2017 [41] + boulderite +
Edwards et al., 2004 [46] boulder beach
Embhoff et al., 2012 [47] +
Gutierrez-Mas and Mas, 2013 [48] +
Hanken et al., 1996 [49] boulder beach
Hartley et al., 2001 [50] +
Hood and Nelson, 2012 [51] +
Johnson, 2006 [52] +
Johnson et al., 2011 [53] +
Johnson et al., 2012 [54] +
Le Roux et al., 2004 [55] +
Roberts and Brink, 2002 [56] boulder beach
Rodriguez-Tovar et al., 2015 [57] +
Shiki and Yamazaki, 1996 [58] bg(‘ig;ﬁz:t‘;g
Tachibana and Tsuji, 2011 [59] +
Watkins, 1992 [60] + boulder conglomerate
Wesselingh et al., 2013 [61] +
Winn and Pousai, 2010 [62] +

The majority of the works are case studies focusing on a given location and given stratigraphical
intervals. Only two papers of general kind (conceptual) are found (Table 4). The first is the synthetic
work of Johnson [52] who overviewed the knowledge of rocky shorelines where boulders often
accumulate and the relevant palaeoecosystems. Particularly, he noted that the Neogene deposits of
this facies are often linked to ramps, in contrast to the dominance of terrace deposits in the Pleistocene.
The second paper of this kind can be judged conceptual only provisionally because this is dealing with
the comparison of the examples of the modern and Neogene coastal boulder deposits with a discussion
of their storm versus tsunami origin [41]. Importantly, this paper [41] employs the term “boulderite”
as equivalent to “boulder-dominated deposit”. The other works explore some particular aspects of
Neogene coastal boulder deposits, including their relevance to extreme events such as storms and
tsunamis, as well as palaeoecological issues.
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Table 4. Stratigraphical and geographical foci of the main articles on Neogene coastal boulder deposits.

Work Conceptual Miocene Pliocene Location
Aguirre and Jimenez, 1997 [43] + Spain
Allen et al., 2007 [44] + New Zealand
Cantalamessa and Di Celma, 2005 [45] + Chile
Dewey and Ryan, 2017 [41] + + New Zealand
Edwards et al., 2004 [46] + Australia (south)
Embhoff et al., 2012 [47] + Mexico
Gutierrez-Mas and Mas, 2013 [48] + Spain
Hanken et al., 1996 [49] + Greece (Rhodes)
Hartley et al., 2001 [50] + Chile
Hood and Nelson, 2012 [51] + New Zealand
Johnson, 2006 [52] + + + World
Johnson et al., 2011 [53] + Portugal (Madeira)
Johnson et al., 2012 [54] + Mexico
Le Roux et al., 2004 [55] + + Chile
Roberts and Brink, 2002 [56] + South Africa
Rodriguez-Tovar et al., 2015 [57] + Spain
Shiki and Yamazaki, 1996 [58] + Japan
Tachibana and Tsuji, 2011 [59] + Japan
Watkins, 1992 [60] + USA (California)
Wesselingh et al., 2013 [61] + Netherlands
Winn and Pousai, 2010 [62] + Papua New Guinea

It is possible to classify all principal sources on the basis of their stratigraphical, geographical, and
genetic foci (Tables 4 and 5). The main observations are as follows. First, Miocene and Pliocene coastal
boulder deposits have been generally considered with attention (Table 4). Second, the relevant studies
tend to represent different parts of the world (Table 4). Third, the diversity of the discussed mechanisms
leading to boulder production, transportation, and accumulation in coastal zone is moderate if not low
(Table 5).

Table 5. Genetic focus of the main articles on Neogene coastal boulder deposits.

Work Rocky Shore Tss:lrjlranr;is(zll‘) Delta, Fan Volcanism MGo::r,ril?nt
Aguirre and Jimenez, 1997 [43] + +
Allen et al., 2007 [44] +
Cantalamessa and Di Celma, 2005 [45] T +
Dewey and Ryan, 2017 [41] S, T
Edwards et al., 2004 [46] +
Embhoff et al., 2012 [47] +
Gutierrez-Mas and Mas, 2013 [48] ST
Hanken et al., 1996 [49] not specified
Hartley et al., 2001 [50] T +
Hood and Nelson, 2012 [51] S +
Johnson, 2006 [52] +
Johnson et al., 2011 [53] + S +
Johnson et al., 2012 [54] + S +
Le Roux et al., 2004 [55] + +
Roberts and Brink, 2002 [56] not specified
Rodriguez-Tovar et al., 2015 [57] not specified
Shiki and Yamazaki, 1996 [58]
Tachibana and Tsuji, 2011 [59] T
Watkins, 1992 [60] + +
Wesselingh et al., 2013 [61] S
Winn and Pousai, 2010 [62] + +
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3.2. Further Inferences

The Miocene coastal boulder deposits are considered in 57% of the analyzed works, and those
Pliocene are considered in 52% of the works (two articles deal with the both epochs). Apparently,
this means equal attention to the both epochs. However, it is necessary to take into account that the
Miocene is by ~6.5 times longer than the Pliocene (Table 1). In regard to this fact, it is possible to
conclude about significant overemphasis on the Pliocene coastal boulders. Although it cannot be
excluded that such a disproportion results from occasional bias in the international research, it can be
also hypothesized that the Pliocene environment was more favorable for production and accumulation
of boulders in coastal zones of seas and oceans. The evidence of a potentially greater number of
hurricanes under the conditions of the Pliocene warming [63-65] makes this hypothesis meaningful.
For coastal zone dynamics, sea-level fluctuations seem to be important control of boulder production.
Rising sea level accelerates abrasion (especially of sea cliffs) and also leads to growth of shoreline
length. For instance, boulders are reported from some areas that were embraced by the sea in the
Neogene, but are located inland nowadays, as in the case of the Sorbas Basin in Spain [57]. The global
sea level was rather high in the Miocene, but it experienced significant fluctuations that intensified in
the Pliocene [66-71]. On the one hand, the relevant instability of the coastal zones could contribute to
more boulder formation. On the other hand, the same instability could trigger boulder motion and
destruction by waves.

The geographical distribution of the reported Neogene coastal boulder deposits is broad (Figure 2).
Despite the rarity of the described locations, the latter occur in all parts of the world (except for
Antarctica). It is notable that these deposits have been described chiefly in the same regions where the
modern rocky coasts with boulders exist. This is not surprising because of the absence of too striking
differences in the position of continents and oceans between the Neogene and the Recent. However,
another, complex explanation can be proposed. Sedimentologists and geomorphologists specialized
in the studies of coastal boulder deposits often deal with the modern objects. If so, it is evident that
they are able to detect ancient deposits of this kind in the same geographical loci. Nonetheless, it is
evident that the knowledge of Quaternary coastal boulders is much wider. For instance, these have
been reported from many localities of the Mediterranean, including (but not limited to) Istria [7],
Sicily [24], northern Egypt [27], Malta [72], Ibiza [73], Crete [74], Lesvos [75], southern France [76], and
Apulia [77]. Better to say, boulders and their accumulations are found on the majority of coasts of
the Mediterranean Sea. In contrast, Neogene large clasts are reported from very few localities of the
same basin. Most probably, this reflects the both sedimentological research bias and low preservation
potential of boulders.

An interesting inference is linked to the origin of the Neogene coastal boulder deposits.
Many previous studies focused on their relevance to storms and tsunamis as the leading boulder
production, transportation, and accumulation forces, as well as on gravity processes linked to downslope
movement with consequent cliff retreat (Figure 3). The main depositional environments analyzed in
the course of the coastal boulder research are rocky shores, deltas, and areas of volcanism (Figure 3).
On the one hand, it is clear that chiefly extreme events like storms, tsunamis, and volcanic eruptions
are able to provide the energy necessary to produce and to move large clasts. On the other hand,
it seems to be questionable if some other forces were responsible. For instance, seismicity would cause
giant cliff collapse or heterogeneity of exposed substrate would lead to its differential erosion. Finally,
what about the possible role of wind erosion in coastal zones? Undoubtedly, identification and correct
interpretation of such phenomena even in geological records as young as that of the Neogene is highly
challenging and requires very creative analysis. Examples of the latter can be found in the works
deciphering the origin of boulders from the Miocene upper bathyal deposits of the Chita Peninsula
(Japan) [58,59] ensures the possibility of such state-of-the-art investigations. Anyway, coastal boulders,
especially those measured by meters are highly specific and uncommon geological objects, and their
analysis should be undertaken in regard to individual peculiarities of each given locality.

11
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Figure 2. Geographical focus of the studies of Neogene coastal boulder deposits (based on Table 4).
See Table 2 for locality IDs.
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Figure 3. Genetic focus of the studies of Neogene coastal boulder deposits (based on Table 5).
4. Conclusions

The bibliographical synopsis of the knowledge of Neogene coastal boulder deposits implies that
the relevant research has been weak. Nonetheless, this research has generated significant evidence of
these deposits. The main findings of the present analysis are as follows.

(1) Case studies of the Neogene coastal boulder deposits prevail over conceptual works.

(2) Attention has been paid to the both epochs of the Neogene (although with overemphasis on the
Pliocene), to many parts of the world, and to the really principal mechanisms of boulder production,
transportation, and accumulation (first of all, to extreme events).

(3) The stratigraphical, geographical, and genetic foci of the research demonstrate certain biases
that can be explained, particularly, by peculiarities of the geological record.

Generally, this means that although the Neogene coastal boulder deposits are highly specific and
rather uncommon geological objects, the latter have been studied more or less adequately to make
further interpretations of their relevance to the dynamics of the Neogene world.
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Abstract: The 450-m long spit that extends westward from the northwest corner of Isla San Luis
Gonzaga is one of the largest and most complex constructions of unconsolidated cobbles and boulders
found anywhere in Mexico’s Gulf of California. The material source derives from episodic but intense
storm erosion along the island’s andesitic cliff face with steep northern exposures. A well-defined
marine terrace from the late Pleistocene cuts across the same corner of the island and provides
a marker for the subsequent development of the spit that post-dates tectonic-eustatic adjustments.
A total of 660 individual andesite clasts from seven transects across the spit were measured for
analyses of change in shape and size. These data are pertinent to the application of mathematical
formulas elaborated after Nott (2003) and subsequent refinements to estimate individual wave heights
necessary for lift from parent sea cliffs and subsequent traction. Although the ratio of boulders to
clasts diminishes from the proximal to distal end of the structure, relatively large boulders populate
all transects and the average wave height required for the release of joint-bound blocks at the rocky
shore amounts to 5 m. Based on the region’s historical record of hurricanes, such storms tend to
decrease in intensity as they migrate northward through the Gulf of California’s 1100-km length.
However, the size and complexity of the San Luis Gonzaga spit suggests that a multitude of extreme
storm events impacted the island in the upper gulf area through the Holocene time, yielding a possible
average growth rate between 7 and 8 m/century over the last 10,000 years. In anticipation of future
storms, a system to track the movement of sample boulders should be emplaced on the San Luis
Gonzaga spit and similar localities with major coastal boulder deposits.

Keywords: coastal boulder deposits; storm waves; hydrodynamic equations; Holocene; western
North America

1. Introduction

The Gulf of California is a narrow, semi-enclosed sea that extends from its opening with the Pacific
Ocean for more than 1100 km to the northwest between the Baja California peninsula and the mainland
of western Mexico. As many as eight hurricanes form each year between May and October over ocean
waters that attain a temperature of 27 °C or higher off the Mexican mainland near a latitude of N
15° [1]. Based on several decades of such data, 50% of such storms turn harmlessly westward into the
open Pacific Ocean as they shift northward. Only a few track northeast into the Gulf of California but
those that do, such as the September 2014 Hurricane Odile, are capable of causing extensive damage
to infrastructure on the peninsula [2]. Odile struck the southern tip of the peninsula as a Category
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4 hurricane with sustained winds reaching 215 km/h but diminished to a Category 3 event 24 h later
as it tracked into the lower Gulf of California. By the time it reached the upper part of the gulf and
crossed into mainland Mexico, the disturbance was reduced to a tropical storm. A detailed analysis
of that storm by Gross and Mager (2020) applied mathematical models to reconstruct the impact of
known meteorological conditions based on wind speed and wind direction to changes in wave height
and the degree to which the water column was agitated as the storm progressed through the gulf’s
entire length [3]. The study’s stated objective was to present a worst-case scenario on the impact of
damage to tidal-energy devices that might be employed in the upper Gulf of California. Installations
of this kind have yet to be built in the region, which registers tidal ranges on the order of 12 m [4].
In theory, the mechanisms engineered to harness energy from tidal exchange are not as susceptible to
wind damage as they are to extreme waves. Beyond its stated purpose [3], the contribution by Gross
and Mager (2020) provides the most thorough longitudinal treatment of changing physical parameters
related to a major storm event in the Gulf of California.

Infrequent as they may appear on a human time frame, extreme storm events wield a measurable
and persistent impact on coastal geomorphology over the long term as registered in deposits of various
kinds around the world. Studies on Holocene storm chronology are focused mostly on accumulations
preserved in coastal marshes, lagoons, and beach ridges [5]. Less attention has been devoted to
deposits that result from the erosional retreat of sea cliffs by recurrent storm events [6-8]. On a regional
basis limited to the lower Gulf of California, rocky-shore studies have focused on the Holocene
development of such features where the erosion of limestone shores and volcanic sea cliffs composed
of rhyolite and andesite resulted in extensive coastal boulder deposits (CBDs) and related coastal
barriers [9-11]. Andesite is the most widespread rock type exposed in sea cliffs along the western
Gulf of California, accounting for nearly 25% of all shoreline features including beaches and mud
flats [12]. Andesite rocky coasts are under-represented compared to granite shores in the upper Gulf of
California, but still common.

The goal of this study is to expand on the relationship between coastal erosion of andesite sea cliffs
and the development of a massive coastal barrier deposit formed by andesite cobbles and boulders
on Isla San Luis Gonzaga in the upper Gulf of California. The methods for analysis of eroded clast
shapes and sizes together with estimates on the wave heights necessary for their primary generation
follow those in previous contributions [9-11]. The choice of the Gonzaga study site was influenced
by the prospect of superior control over the scale of sequential changes in topographic layout. It is
expected that Holocene CBDs with a time range through thousands of year duration will offer better
insight regarding the intensity of episodic storm events in regions like the Gulf of California otherwise
perceived to suffer rare events. Civil engineers involved with planning for infrastructure ranging from
artificial harbor facilities and breakwaters to potential power linkages with tidal-energy mechanisms
need to be aware of such physical settings with a deep background in coastal geomorphology.

2. Geographical and Geological Setting

Located in the upper Gulf of California, the study site within Bahia San Luis Gonzaga is midway
between the towns of San Felipe and Bahia de Los Angeles (Figure 1a). San Luis Gonzaga constitutes
the area’s largest bay (Figure 1b), covering an area of about 36 km?. Isla San Luis Gonzaga sits
at the northwest side of the bay, approximately 1.5 km? in area and rising 140 m above sea level
(Figure 1c). Detailed geological mapping of the island and the surrounding region confirms that the
local bedrock is formed entirely of andesite flows [13]. The focus of this study is a 450-m long spit
formed exclusively of andesite cobbles and boulders that extends westward from the northwest corner
of the island. Tracing the phased temporal development of the spit ranks as the project’s primary goal,
which entails advantages in scale and layout compared to earlier studies of CBDs in the lower Gulf of
California [9-11].
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Figure 1. Locality maps showing Mexico’s Baja California peninsula and Gulf of California; (a) Mexico
and border area with the United States denoting key towns with inset box marking the study area
between San Felipe and Bahia de Los Angeles; (b) Region around Bahia San Luis Gonzaga showing
Isla San Luis Gonzaga in the northwest part of the bay; (c) Topographic map of Isla San Luis Gonzaga
with the study site marked (box) within which the study transects are indicated.

3. Materials and Methods

3.1. Data Collection

Isla San Luis Gonzaga was visited in June 2019, when the original data for this study were
collected from unconsolidated andesite clasts forming the long spit attached to the island accessible
from Punta Willard (Figure 1c). Cobble- and boulder-size clasts encountered on tape lines through
seven transects were measured manually in three dimensions perpendicular to one another in each clast
(long, intermediate, and short). All transects were laid out to cross the spit at different locations, always
at right angles to the defining shore with orientations recorded by compass. Continuous tracking of
elevation with respect to sea level was monitored across each transect in order to construct topographic
relief profiles (see Section 3.2 for more details). Differentiated from cobbles, the base definition for
a boulder adapted in this exercise is that of Wentworth (1922) for an erosional clast equal or greater
than 256 mm in diameter [14]. No upper limit for this category is defined in the geological literature.
Triangular plots were employed to show variations in clast shape, following the design of Sneed and
Folk (1958) for river pebbles [15]. Comparative data on maximum cobble and boulder dimensions were
fitted to bar graphs to show variations in composition from one transect to the next. Multiple samples
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of andesite were collected from the island’s rocky-shore zone for laboratory analysis to determine
specific gravity.

3.2. Aerial Photography and Applications for Topography

Use of a DJI Inspire 2 Drone™ (DJI, Nanshan District, Shenzhen, China) was employed to generate
the Geographic Information System (GIS) platform, photogrammetry, and digital elevation model
(DEM) in this study following standard protocols [16]. Eight tarps, each covering 1 m?, were printed
with a highly visible pattern that could clearly be detected from the sky. The tarps were laid out
across the rocky bar and georeferenced using a handheld Geographic Positioning System (GPS).
Thereafter, a flight plan was designed and uploaded to the drone with a limited flight duration between
23 and 27 min that was ample for completion while providing a stable platform. The flight plan was
designed to calculate the number of images the drone needed to take based on altitude and desired
image overlay (70-80%). Each image captured by the drone was automatically georeferenced and
transferred to photogrammetry software, where steps were followed to join the images into a single
mosaic. The first step is image alignment, wherein the software places and aligns the images taken
by the drone based on the GPS data from the flight plan, as well as the control points from the tarps
and GPS data collected on sight. The next step entailed object identification so that tie points could be
generated to stitch the images together. A sparse cloud was next generated from a series of points using
the overlaid images, points in common, and drone flight data to calculate the elevation of each point.
With these data from the dense cloud, a mesh is created as a series of triangles that joins the points
from the dense cloud, and the resulting layer is a continuous surface on which the original images can
be “draped over”. Based on the generated data in the previous step, a DEM can be generated using the
kriging interpolation method. For example, the same strategy has a successful application for high
accuracy surveying of beach-sand topography [17].

Using GIS software by Agisoft Metashape, the DEM was applied to determine the slope and
direction of the slope traversing the spit. To determine slope the software calculates the angle on
the incline based on the elevation of each pixel and its relation to the adjoining pixels. With the
slope layer generated and geographic location of the layer the software determines the downslope
direction for each cell within the DEM. The resulting layer indicates the main slope directions of
the feature. To obtain the elevation of the associated marine terrace, its location was georeferenced
from images taken by the drone. A digital marker was placed on the edge of the marine terrace.
This marker was used as a geo-reference in the DEM and the elevation data were extracted with the
aid of an “Identify tool.” The same methodology was used to extract the height data of the highest
point of the adjoining spit.

3.3. Hydraulic Model

With determination of specific gravity based on the value of 2.3 g/cm? for andesite, a hydraulic
model may be applied to predict the energy needed for the erosion of joint-bound blocks from a rocky
shoreline and their subsequent transfer to an adjacent coastal boulder deposit as a function of wave
impact. Andesite 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 by erosion in the cliff face. Herein, two formulas are applied to estimate the magnitude of
storm waves against joint-bounded boulders derived, respectively, from Equation (36) in the original
work of Nott [18] (Equation (1)) and from an alternative formula that uses the velocity equations of
Nandasena et al. [19] as applied by Pepe et al. (2018) [20] to estimate wave heights (Equation (2)):

Hg = —( pgl ) J (1)
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2(%) c. [cos F+(us . sin F)]

Hs = 1”60 )

where H; is the maximum height of the storm wave at breaking point; ps is the density of the boulder
(2.3 g/cms) ; Pw is the density of water at 1.02 g/cm3 ; a is the length of boulder on long axis in cm; ¢ is
the length of boulder on short axis in cm; 0 is the angle of the bed slope at the pre-transport location
(1° for joint-bounded boulders); 1, is the coefficient of static friction (= 0.7); and C is the lift coefficient
(=0.178). Equation (1) is more sensitive to the length of a boulder at the long axis, whereas Equation (2)
is more sensitive to the length of a boulder on the short axis. Therefore, some differences are expected

in the estimates of Hg.
4. Results

4.1. Base Maps and Transect Lines

A set of base maps constructed on the basis of aerial photography illustrate the principal attributes
of the spit (Figure 2), as located on the topographic map in Figure 1c. The massive agglomeration of
loose cobbles and boulders extends for a distance of 450 m westward from the source at sea cliffs on
the north side of Isla San Luis Gonzaga. A mosaic image pieced together from the aerial survey and
shown in natural sunlight (Figure 2a), marks the location of seven transects with the first (T1) closest
to the source of eroded andesite clasts on the north face of the island and the last (T7) most distal
at the end of the spit. The surface area represented by the spit amounts to 15,600 m?, of which less
than 5% is obscured by plant cover dominated by the Sweet Mangrove (Maytenus phyllanthoides) [21].
Variations in topography (Figure 2b) reveal that the maximum elevation through the central axis of the
spit rises to 3 m above mean sea level. Variations in slope direction along the divergent axes of the spit
descend dominantly to the northwest (Figure 2¢). Key aspects related to the layout of all transects and
registered content are compiled in Table 1.

Table 1. Comparative data drawn from transect lines across the bar system at Bahia San Luis Gonzaga.

Transect Length (m) Compass Total Clasts Cobbles Boulders  Clast Density

Orientation Measured (%) (%) (Clast/m)
1 37 181.15° 95 36 64 2.6
2 33 147.22° 85 36 64 2.6
3 24 60.77° 77 92 8 3.2
4 25 147.29° 56 45 55 2.2
5 28 143.58° 125 77 23 4.5
6 28 146.31° 110 75 25 4.4
7 30 122.66° 112 51 49 3.7
Mean 29 135.55° 94 59 41 3.3

Average transect length amounts to 29 m and the dispositions of all but transect 3 are roughly
parallel, oriented along a NW to SE trend. Transect 3 follows an orientation roughly 90° out of phase
with the others, trending NE to SW. The average density of cobble and boulder clasts measured per
transect is substantial at 94 with an average spacing of 3.3 clasts per meter. Transect 3 records the fewest
boulders compared to all other transects at less than one in 10. Overall, the dominance of boulders over
cobbles is greatest in transects 1 and 2 located most proximal to the source rocks at the beginning of the
spit at a ratio 2:1. That ratio falls closer to parity between cobbles and boulders in transect 4 diagonal
to the spit roughly midway along its length. Farther out along the spit in transects 5 and 6, the ratio of
boulders to cobbles is 1:3. Near the tip of the spit (Figure 2a), transect 7 is the most distal from the
source of eroded clasts and reflects a modest return in the relationship between boulders and cobbles

at parity.
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Figure 2. Base maps for the unconsolidated spit off the northeast end of Isla San Luis Gonzaga;
(a) Orthophoto mosaic under natural light showing the position of transects 1 to 7; (b) Orthophoto
color-coded map showing variations in elevation above mean sea level; (¢) Color-coded map showing
variations in slope direction.

4.2. Source of Joint-bound Blocks

Equations (1) and (2) from Nott (2007) and Pepe et al. (2018) [18,20] are specific to wave energy
applied at the source against joint-bound blocks exposed in rocky shorelines. All materials subsequently
transferred to the 450 m long spit at San Luis Gonzaga originated due to wave erosion against andesite
cliffs exposed on the north side of the island. The rocky shore extends EW for almost a kilometer,
rising topographically to 60 m, or more (Figure 1c). Sea cliffs in the area nearest the spit exhibit andesite
flows with bedding planes that dip at a high angle to the west with irregular joints perpendicular to
bedding planes (Figure 3a,b). Large blocks of andesite only crudely rounded by abrasion occupy the
intertidal zone on a wave-cut platform at the side of an uplifted marine terrace. Fresh material in the
supratidal zone lacks the darker tone of blocks colored by organic growth.

4.3. Andesite Specific Gravity

Five samples of andesite from the north shore of Isla San Luis Gonzaga yielded a range of values
for specific gravity between 2.26 and 2.34 gr/cm®. The samples ranged in weight between 215 and
620 gm and were displaced between 151 and 271 mL of water. The mean value calculated from
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the samples amounts to 2.3 gr/cm? and this value was uniformly applied to Equations (1) and (2)
in estimation of wave heights provided in Tables A1-A7.

Figure 3. Rocky shore and intertidal zone at cliffs adjacent to the marine terrace and near the start of
the 450-m long spit on Isla San Luis Gonzaga; (a) Oblique view with housing of meter tape for scale;
(b) Head-on view showing tilted andesite flows in the background.

4.4. Comparative Variation in Clast Shapes

Raw data on boulder size in three dimensions collected from each of the seven transects are
available in Appendix A (Tables A1-A7). Due to the wealth of data collected in the field, the size of
Tables Al and A2 is limited to a representative sample based on 50% of the boulders. Table A3 is the
smallest, because few boulders were encountered, all of which are included. Likewise, all boulders
from transects 4 to 7 are enumerated in Tables A4-A7. With regard to shape, points representing
individual clasts (including smaller cobbles) are shown grouped by transect and plotted on a set of
Sneed-Folk triangular diagrams (Figure 4a—g). The spread of points across all seven of the plots is
remarkably consistent, showing a strong similarity in the variation of shapes from one transect to
another. It is seldom that points fall into the upper-most triangle, which represents an origin from
a cube-shaped endpoint. The majority of points from all seven plots falls within the middle part of the
two tiers below the top triangle. Those points clustered at the core of any given triangular plot are
representative of clasts for which two dimensions are closer in value than the third measured along
the shortest axis. However, a significant portion of points falls into the middle-right and lower-right
domains of the field, which signifies a tendency for development of elongated shapes eroded from
bar-shaped blocks of source rock. The composite slope of points across all plots from the few in the
topmost triangle to those in the lower right corner of the field demonstrates a tendency for development
of moderately oblong shapes. Rarity of points in the middle bottom tier and complete absence of
points in the lower-left corner of triangular plots indicates that the wave-eroded material from the
parent sea cliffs excludes plate-shaped blocks.

4.5. Comparative Variation in Clast Size

Clast size is conveniently plotted on bar graphs as a function of maximum length based on the
original data (see Tables A1-A7 for boulders). Transect 1 (Figure 5) is the station physically closest to
the bedrock source and, in principal, is expected to reflect the highest proportion of boulders.
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Figure 4. Set of triangular Sneed—Folk diagrams used to appraise variations in cobble and boulder
shapes; (a) Trend from transect 1 closest to sea cliffs at the source of the clasts; (b) Trend from transect 2;
(c) Trend from transect 4; (d) Isolated trend from transect 3 with a markedly different orientation from
all other transects; (e) Trend from transect 5; (f) Trend from transect 6; (g) Trend from transect 7 most
distant from sea cliffs at the common source of all clasts in the system.

Conversely, transect 7 is most distal from the bedrock source and is expected to show a higher
proportion of cobbles. Groupings separated in bins at intervals of 5 cm are arrayed in histograms
stacked to show differences in size range between 6 cm and 90 cm among transects 1, 2, and 4
(Figure 6a—c). Data for transect 1 (Figure 6a) registers the highest concentration of small boulders.
Transect 3 projects as a side spur on the southeast side of the spit (Figure 7). It is excluded from this
analysis due to the relative scarcity of boulders. Each of the three graphs in Figure 6 delineates the
boundary between cobbles and boulders with a dashed line. They are consistently skewed with the
highest percentage of clasts at or around the border between the largest cobbles and smallest boulders.
The ratio between boulders and cobbles remains steady at 2:1 in transects 1 and 2 but is closer to parity
in transect 4. Compared to the proximal transects, the more distal transects 5 to 7 (Figure 8a—c) exhibit
a marked shift in skewness to a numerical domination by cobbles. In transects 5 and 6, the relationship
between boulders to cobbles is roughly consistent dropping to a ratio of 1:3. However, data from
transect 8 at the distal end of the spit (Figure 8c) records a ratio at parity. In all cases among the six
transects represented by bar graphs, the extreme outlier of large boulders occurs at measured lengths
between 76 cm and 85 cm.
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Figure 5. Transect 1 (dashed line) features the highest concentration of small and intermediate size
boulders. The survey line passes through the spit about 40 m beyond the marine terrace at the NE
corner of Isla San Luis Gonzaga. Superposition of white arrows defines the outer lip of the marine
terrace elevated 8.5 m above sea level.
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Figure 7. Transect 3 (dashed line) follows a side spur off the main spit with a compass orientation 90°
out of phase with other transects. Boulders are uncommon, but the largest in the foreground exceeds
50 cm in diameter. The spur is notably isolated from the opposite side of the spit by a dense thicket of
Sweet Mangrove (Maytenus phyllanthoides) and is largely submerged during high tide.

4.6. Variation in Transect Profile Elevations

Data recovered from the seven transects in this study (Figure 2) also include the requisite
information for construction of individual elevation profiles. The highest elevation determined at the
crest of any single transect amounts to no more than 3 m above mean sea level. Transects 1 to 3 were
found to conform to profiles that rise evenly to peak elevation at or near the center of the transect
from opposite ends and are not illustrated. In contrast, transects 4 to 6 (Figure 9) exhibit profiles with
a marked depression at variable positions along the line. Transect 4 (Figure 9a) registers a modest
decline in elevation of 50 cm across the central 5 m of the line. Transect 5 (Figure 9b) shows a similar
dip but is skewed much closer to the NW end of the transect. Transect 6 (Figure 9c) exhibits the deepest
depression midway through the line with a drop of about a meter. Transect 7 also features a bifurcated
elevation profile, but it is not shown at the same scale because it represents a much lower overall value
in maximum elevation at only 1.2 m. Among the seven transects, transect 3 (see Figure 7) registered
the lowest elevation rising to only a half meter above sea level.
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Figure 8. Set of bar graphs used to appraise variations in maximum boulder length from the three
transects with similar orientations most distal from the source of coastal erosion; (a) Bar graphs from
transect 5; (b) Bar graphs from transect 6; (¢) Bar graphs from transect 7.
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Figure 9. Comparison of selected transverse profiles in the distal part of the spit showing separation of
different phases in the overall deposit. Transects 1-3 and 7 lack such distinct features; (a) Elevation
profile through transect 4; (b) Elevation profile through transect 5; (c) Elevation profile through transect
6. See Section 3 for source of the elevation data.

The long view over the spit’s axis to the NE from a location on transect 4 (Figure 10) captures the
nature of the depression cutting diagonally through the more proximal part of the structure. Thus, the
transverse depression in transect 4 is defined by a pair of longitudinal bars that distinctly separate one
side of the spit from the other with an intermediate trough. From this vantage, it may be realized that
the spit underwent a growth history in sequential phases. Following from this insight, the ramification
is that the Sneed—Folk plots in Figure 4c,e,f, as well as the bar graphs in Figures 6¢c and 7 represent
consecutive phases of development that occurred over time. In contrast, the elevation profiles for
transects 1-3 that conform to a simple arc in relief, imply that the Sneed—Folk plots and bar graphs
relevant to those transect samples reflect more unitary slices temporal development.

4.7. Biological Data from Encrusted Boulders

From place to place, disarticulated bivalve shells (including Anadara grandis and Megapitaria
squalida) appear sporadically among the mixed cobbles and boulders forming the spit. The degree of
breakage in some of the larger shells indicates a higher level of energy was entailed in their delivery to
the spit, more than from normal conditions related to tidal flux. More significant are examples of large
boulders encrusted by the common oyster (Ostrea palmula) that thrives in intertidal waters throughout
the Gulf of California [22]. A block with a long axis of 70 cm found near transect 7 hosted more than
two dozen oysters on its upper surface (Figure 11a) before it was transported onto the spit and left
upside down. In contrast to the inarticulate shells found elsewhere separately as disarticulated shells,
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the oysters are encrusted in growth position and many remain articulated (Figure 11b). The biological
inference is that the boulder originally sat submerged in the shallow water off to the side of the spit
and was subsequently carried onto the spit by a storm of sufficient strength to lift an andesite block
weighting as much as 80 to 100 kg (see range of weights in Table A7). The pristine condition of the
oyster shells suggests that the storm was a relatively recent event. Weaker storms are capable of
transporting cobles and smaller boulders during earlier events and may have shifted the offshore
position of the block until the next major storm moved it onto the spit.

Figure 10. View across transect 4 northeast toward the connection with Isla San Luis Gonzaga, showing
a distinct swale between two different phases of the cobble-boulder deposit. Note the raised Pleistocene
marine terrace in the far distance (white arrows). The inner wall of the marine terrace is oriented NS.

Figure 11. Contemporary oysters (Ostrea palmula) encrusted on a boulder near transect 7; (a) Boulder
as first encountered on the spit (meter stick for scale); (b) Same boulder overturned for better view of
encrusting oysters, approximately 7 cm in shell length. Note: many of the oysters remain articulated.
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4.8. Storm Intensity as Function of Estimated Wave Height

Average boulder sizes and maximum boulder sizes from all seven transects are summarized
in Table 2, whether or not the respective Sneed-Folk diagrams and bar graphs (Figure 4, Figure 6,
and Figure 8) reflect solitary events or an agglomeration of phased events. These data are a prerequisite
for comparison of results estimating wave heights first directed against joint-bound blocks on the
andesite rocky shore as derived from the Nott formula [18] and the subsequent formula applied by
Pepe et al. [20]. There exists a general trend in reduction of average boulder size from transect 1 to
transect 5 more than halfway along the Gonzaga spit from the proximal source. Thereafter in transects
6 and 7, there occurs an increase in average boulder size. The estimated mean wave height necessary to
transport those boulders extracted from the rocky shore amounts to 2.7 m according to the Nott formula.
However, at 73 cm the mean maximum boulder length derived from all seven transects yields a value
almost twice the diameter for the average of all averages (Table 2). Moreover, the estimated mean
weight of the largest single boulder from each transect amounts to 200 kg, which is more than 4.5 times
the average weight computed from all boulders surveyed in the seven transects. The estimated wave
height needed to shift the largest boulder in transect 7 amounts to nearly 6 m according to the Nott
equation, but half that compared with the Pepe equation. However, results based on the Pepe equation
for the largest boulders yield a higher wave height in four out of seven transects. In general agreement
with the biological inference from the oyster-encrusted block in Figure 11, the critical insight from
these comparative data is that the average impact from smaller waves is sufficient to move smaller
boulders, but only the largest waves are sufficient to move the largest boulders.

Table 2. Summary data from Appendix A (Tables A1-A7) showing maximum bolder size and estimated
weight compared to the average values for sampled boulders from each of the transects together
with calculated values for wave heights estimated as necessary for CBD mobility. EWH = estimated

wave height.
Number of Mean Mean Eslt\;;:::d Max. Max. Max. EWH Max. EWH
Transect Samples Boulder Boulder Wave ht Boulder Boulder Nott [18] Pepe et al. [20]
. 3 . 3 N 3 .

Size (cm®) Weight (kg) Nott [18] (m) Size (cm®) Weight (kg) (m) (m)

1 32 43.5 81 3.0 90 628 6.3 7.6

2 33 40 59 2.8 64 139 3.7 5.6

3 6 36 12.75 2.7 61 35 43 13

4 32 40 36 2.8 75 191 53 5.6

5 29 25 295 2.6 57 166 4.0 6.1

6 20 35 25 24 80 190 5.6 3.7

7 30 38 47 2.6 84 122 5.9 3.2
Mean 26 37 43 2.7 73 200 5.0 4.7

5. Discussion

5.1. Phased Development During Holocene Time

As projected by the orthophoto mosaic in Figure 2a and supplemented by transect elevation
profiles derived from seven transects, the overall layout of the unconsolidated cobble-boulder spit at
Isla San Luis Gonzaga suggests an interpretation of growth through multiple phases during Holocene
time. A starting point in post-Pleistocene time is supported by the physical connection of the spit to the
island adjacent to an uplifted marine terrace (see photo in Figure 5). The terrace truncates the northwest
corner of the island and its outer lip rises 8.5 m above the base level of the spit. Marine erosion on the
terrace ceased prior to initiation of the spit around the present sea level. The recessed terrace flat is
relatively clean, showing that the Pleistocene sea cliff at the rear of the terrace was not the parent source
of eroded clasts contributing to the spit. Instead, the yet active source appears along the modern sea
cliffs that stretch across the northern part of the island. At the proximal end of the spit, sea cliffs on the
north exposure rise steeply up to 60 m in height (Figure 1c). Headward erosion of a modern wave-cut
platform cuts into the base of adjoining sea cliffs that provide the copious raw materials derived from
joint-bound blocks (Figure 3). Large blocks are first smoothed by wear in the surf and subsequently
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transferred by storm currents in a SW direction to the spit. Undermining of the sea cliff by storm action
also contributes to rock falls from higher in the exposure.

Creation of the 450-m long spit is interpreted as having evolved over the last 10,000 years during
a succession of episodic storm events outlined in Figure 11. Progradation of the spit at the outset
between transects 1 and 2 follows a linear pattern that left a consistent profile tracing a single, central
rise in elevation roughly midway between side margins (Figure 2b). The next phase of construction
entailed a curvature to the south that terminated beyond the position of transect 3 (Figure 12a).
The profile across transect 3 reflects a low median rise in elevation (see Figure 7). A dense thicket of
vegetation north of transect 3 (Figure 2a) signals this phase of development terminated as a side spur
that ceased to receive fresh material and became isolated from the rest of the structure. Resumption of
deposition with a linear extension to the SW pushed a narrow lobe of the spit beyond transect 4
(Figure 12c), presumably due to a change in storm dynamics. The pair of topographic bars that form
parallel swales in transects 4 and 5 (Figure 9a,b) mark the further expansion of the spit to the SW with
the more easterly bar deposited during an earlier storm event and the adjoining bar amalgamated
alongside during a later event. Physical compression of the two storm events resulted in expansion of
the spit’s width across transects 4 and 5.

g

N

Figure 12. Interpretation of temporal development through Holocene time with study transects marked
as reference points: (a) phase one; (b) phase two; (c) phase three; (d) phase four; (e) phase five.
Dashed lines mark boundaries between successive additions to the structure through time.

A similar sequence of staggered events took place with further extension of the spit to the SW
beyond transect 6 (Figure 12d). During the earlier phase of expansion in this area, the spit was narrower
but doubled in width with amalgamation of the adjoining later phase. The pattern repeated itself,
once again, under progradation of the spit beyond transect 7 (Figure 12e) to reach the present terminal
length of 450 m. The number of discrete storm events that contributed to the phased growth of the spit
is difficult to estimate, but the presence of boulders across all transects makes clear that major storms
were involved.

The incremental rate of the structure’s progradation from the bedrock source on Isla San Luis
Gonzaga is difficult to calculate with any accuracy, but an estimate can be offered on the assumption
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that phased growth resulted from storms of hurricane strength that occurred as often as every 100 years.
This metric is suggested in reference to the popular notion of recurrent events outside the living
memory of a long human lifetime. Holocene mega-storms with a measurable recurrence between
100 and 300 years are tested on the basis of coastal storm ridges that incorporate coral heads dated
by isotope chronology [5]. Recurrence of mega-storms on a centennial scale also is suggested by the
isotope chronology of speleothem deposits from caves commonly impacted by landfall of tropical
cyclones [23]. No such method of absolute dating is possible with regard to the storm-deposited
andesite boulders from Isla San Luis Gonzaga. The rocks are dated by radiometric means, but the
dates so derived represent the age when lava flows solidified during the Miocene [13] and not the time
of coastal erosion.

Storms of hurricane intensity reaching Isla San Luis Gonzaga would have entailed wave heights at
or exceeding 5 m based on equations from Nott [18] and Pepe et al. [20]. Such waves would impact the
island’s north shore following a pattern of cyclonic rotation with northward travel. Extraction of large
andesite blocks from the base of the sea cliffs (Figure 3) was influenced by hydraulic wedging of joints
and partings in the layered andesite during wave impact. The subsequent transport of boulders to
the proximal end of the spit was driven by vigorous storm-generated currents. Successive big storms
may have moved the larger boulders piece-meal for shorter distances during each event. Over the
10,000-year span of the Holocene, 100 super-storms may have reached the upper Gulf of California.
Such a reckoning is reasonable, given the spit’s geometry and various internal boundaries demarcated
by amalgamated bars (Figure 12). An episodic growth rate between 7 and 8 m/century is informed by
the total length of the various components adding up to a composite total of 750 m. Whereas each
cobble and boulder in the construction is ultimately traced to the sea cliffs on the island’s north shore,
the residency time of large blocks resting offshore also must be considered. Thus, large andesite blocks
of considerable weight may sit offshore near the distal end of the spit for some time during which
biological encrustations accumulate (Figure 11), before the block is shifted from inter-tidal waters up
onto the spit during a major storm.

5.2. Inference from Historical Hurricanes

Hurricane Odile entered the Gulf of California as a Category 4 storm in September 2014 and its
economic impact is regarded as one of the most destructive events to affect the peninsular state of Baja
California Sur, having caused more than 1654 million USD in damage to coastal infrastructure largely
as a result of high winds [1]. According to a subsequent assessment by Gross and Magar (2020) [3],
the same storm had the capacity to damage tidal-energy transformers due to wind-driven waves if
such mechanisms were in place as part of the energy grid serving the state of Baja California at the far
end of the gulf in the north. No such infrastructure presently exists in the region, but the study offers
a cautionary warning about the potential for such damage even in the upper part of the gulf where
hurricanes typically degrade to tropical storms. The last major storm to have crossed the upper gulf
was Hurricane Kathleen in September 1976 as a Category 3 hurricane [21]. The passage of time since
that event is considerable in terms of human memory and may be thought of as a once in a lifetime
event by local residents living around Bahia San Luis Gonzaga.

The peninsular region of western Mexico was spared a potentially catastrophic event during
the 2015 storm season, when Hurricane Patricia formed as a Category 5 storm with wind speeds
up to 346 km/h off the Mexican mainland well south of the Baja California peninsula. That storm
still holds the record as the most powerful hurricane to have originated in the eastern North Pacific
Ocean [24]. Only the storm’s outer most bands brushed across the opening to the Gulf of California,
but the center of the storm made landfall on the Mexican mainland after an unexpected turn to the east.
Had Hurricane Patricia tracked into the Gulf of California, it was certain to have caused more damage
to coastal infrastructure than Hurricane Odile during the previous season. The occurrence of these
two powerful storms, one after the other in subsequent years, raises the question of accountability for
storms attributed to 100-year events. With growing conditions of global warming now experienced
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around the world, the increase of such events is sure to be compressed in frequency as suggested by
re-evaluations of storm data on a decadal basis [25]. Under such circumstances, the study of coastal
boulder deposits and their development in recent geologic time offers a window on natural processes
of interest not only to geomorphologists but also to engineers challenged to design infrastructures
better suited to withstand more intense storms and any future rise in sea level.

5.3. Comparison with Other Gulf of California Deposits

Study of coastal boulder deposits (CBDs) and related boulder barrier deposits (BBDs) in the
Gulf of California is a pursuit that has gained momentum during the last few years but, heretofore,
only in the lower Gulf of California [9-11]. This contribution is the first to focus on the upper Gulf
of California, a region generally thought to be impacted much less from the severity of hurricanes
than the more southern parts closer to the Tropic of Cancer. Earlier work looked at limestone boulders
pulled by storm action from Pliocene sea cliffs on Isla del Carmen, where a line of eroded boulders sits
high on a marine terrace [9]. In this regard, the Carmen example conforms to a classic CBD pealed
back from the front of a sea cliff by storm-related overwash. The Isla San Luis Gonzaga example in this
study corresponds to the formation of boulder bars, where large blocks of andesite are leveraged from
joint-bound layers at the base of sea cliffs and transported laterally by storm-generated currents where
they accumulate as spits. Compared to previous examples in the southern Gulf region also formed by
volcanic boulders derived from joint-bound blocks [11,12], the Isla San Luis Gonzaga structure is larger
and more complex with components that can be differentiated as having accumulated during discrete
storm events. For example, the earliest phases of extension ending beyond transect 3 off Isla San Luis
Gonzaga (Figure 12a) are comparable to the half-ring structure constructed from rhyolite boulders at
Ensenada Almeja [10]. The Almeja structure traces a pattern of clockwise extension stretching in an arc
over a distance of about 250 m from the original bedrock source with joint-bound blocks. That pattern
is replicated in the same dimensions by the earliest phases of construction at Isla San Luis Gonzaga.
In both examples, fewer boulders are found on top of the bar closer to its termination, suggesting that
wave energy declined with distance from the proximal end of those structures at the bedrock source.

After isolation of the spur leading to transect 3 from the rest of the spit at Isla San Luis Gonzaga
(Figure 12b), new growth was extended in a strictly linear fashion similar to the unidirectional extension
of bars across the front of Puerto Escondido in the lower Gulf of California [11]. There, two bars follow
a linear fault trace with a small island connected in between. Not including the islet, the two bars
extend for a length of 250 and 140 m, respectively. By comparison, the apparent length of the Gonzaga
spit amounts to 450 m. However, development of parallel bars that became progressively attached to
the core from one side, the total length of component parts including duplications amounts to a distance
of 750 m. As such, the Gonzaga spit is one of most complex structures of its kind formed by loose
cobbles and boulders in the entire Gulf of California region. Based on shape analyses from the various
localities throughout the gulf region, there is little difference in the blocks of rock that were worn by
marine erosion from limestone, rhyolite, and andesite into oblong cobbles and boulders. The factor that
makes results of the Isla San Luis Gonzaga study so important is the apparent correspondence between
extraordinary size, complexity, and the length of time necessary for development of BBDs. Given the
weight of the largest boulders distributed across much of the Isla San Luis Gonzaga spit, it is apparent
that their transport occurred during episodic hurricanes of high intensity. With greater attention to
examples of CBDs throughout the Gulf of California and the expectation that the frequency of future
hurricanes is likely to increase, it is proposed that known sites [9-11] including the Isla San Luis
Gonzaga spit be monitored for changes once a selection of the largest boulders is tagged for reference.

5.4. Comparison with island deposits in the North Atlantic

Studies on CBDs on islands in the North Atlantic Ocean show much promise for similar research
applying the same kind of analyses performed in the Gulf of California. An identical program using the
same techniques of analyses for boulder shapes and sizes was conducted on modern and Pleistocene
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CBDs on Santa Maria Island in the Azores [26]. In particular, the same equations have been applied to
estimate wave heights during the Late Pleistocene (Marine Isotope Substage 5e) on basalt-dominated
shores dated by fossils to approximately 125,000 years ago. Future studies that incorporate Pleistocene
fossils may be expected in other Atlantic archipelagos such as the Canary and Cape Verde Islands.

6. Conclusions

Satellite tracking for hurricanes and typhoons has improved the ability of meteorologists to
gather and analyze data on changes in atmospheric pressure, wind speed, and other factors that make
statistical predictions based on recurrent circulation patterns increasingly accurate on a global basis [24].
Historically, few of the big storms generated in the NE Pacific Ocean actually deviate in direction to
enter Mexico’s Gulf of California from their point of origin farther south off the western mainland [1].
Those that do are generally found to rapidly deteriorate from hurricane strength to that of lesser
tropical storms [21]. In contrast, the recent geologic record from the Holocene expands the time frame
for evaluation of storms equilibrated with deposits of eroded shoreline materials and their bearing on
coastal geomorphology. The present study on the complex boulder bar associated with Isla San Luis
Gonzaga in the upper Gulf of California permits the following conclusions:

(1) Coastal boulder deposits and related boulder bars are described from the lower Gulf of California
that experience episodic hurricanes, but the Isla San Luis Gonzaga spit composed of unconsolidated
materials in the upper Gulf of California is larger and more complex than any features previously
studied in the Lower Gulf of California.

(2)  All cobbles and boulders entrained in the 450-m long structure are derived from andesite sea cliffs
with joint-bound blocks on the north side of Isla San Luis Gonzaga, bypassing a well-defined
marine terrace from the Late Pleistocene.

(3) Extensive data on variations in shape collected from seven transects across the structure show
that clasts are mostly elongated in configuration. Data on variations in clast size from the same
transects indicate changing ratios between boulders and cobbles that fall from 3:1 in favor of
boulders to more equitable proportions in a progression toward the end of the structure.

(4) Despite a general decrease in the boulder population along the length of the structure,
large boulders continue to be present even in the most distal parts of the structure and the
estimated wave heights required to move those blocks into place entails an average height of 5 m.

(5) The overall complexity of the structure includes parallel bars that form side-by side as distinct
swales through the distal half of the spit. These are interpreted as discrete additions from episodic
storms. Assuming the structure began to form at the start of the Holocene, there was sufficient
time for multiple mega-storms to reach the upper Gulf of California at a general rate of one per
century to yield a possible growth rate between 7 and 8 m/century.

(6) Civil engineers evaluate hurricane damage to infrastructure as due to storm wind speed ashore
and the impact of wave surge in coastal waters, but the geomorphology of coastal boulder
deposits and related boulder bars provides another means to assess the potential for storm risk
in regions like Mexico’s Baja California peninsula and the adjacent Gulf of California.

(7)  The concept of the 100-year storm as an event exceeding human memory at any point in time has
changed during the historic rise in global warning experienced over the last two decades. It is not
a question of if, but rather when, the next hurricane comparable to the Category 5 Patricia in 2014
will strike the gulf coast of Mexico’s Baja California peninsula. As a follow-up to the region’s
various studies on coastal boulder deposits, consideration must be given to a monitoring program
whereby some of the largest boulders are tagged to test movements after the next big storm.
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Appendix A

Table Al. Quantification of boulder size, volume, and estimated weight from selected coastal bar
samples through transect 1 at Bahia San Luis Gonzaga. EWH = estimated wave height. The density
of Baja Californian andesite at 2.3 gm/cm? is applied uniformly in order to calculate wave height for
each boulder.

Lor}g Intermediate Sho.rt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o Nott [18]  Pepe [20]
Axis (cm) (cm?) to 75% (kg)
(cm) (cm) (m) (m)
1 80 55 50 220,000 165,000 421 5.6 8.0
4 42 28 13 15,288 11,466 29 3.0 21
6 68 60 53 216,240 162,180 414 48 8.4
8 32 22 10 7040 5280 13 2.3 1.6
10 38 27 16 16,416 12,312 31 27 2.5
12 50 29 10 14,500 10,875 28 35 1.6
14 46 30 12 16,560 12,420 32 3.2 1.9
16 40 28 11 12,320 9240 24 2.8 1.8
19 50 28 25 35,000 26,250 67 35 4.0
21 60 45 21 56,700 42,525 108 42 3.3
23 90 76 48 328,320 246,240 628 6.3 7.6
27 56 40 12 26,880 20,160 51 39 1.9
29 44 30 15 19,800 14,850 38 3.1 24
31 57 29 17 28,101 21,076 54 4.0 2.7
35 25 13 7 2275 1706 4.4 1.8 1.1
37 27 22 11 6534 4900 125 1.9 1.8
40 53 48 15 38,160 28,620 73 37 24
42 28 23 15 9660 7245 18.5 2.0 24
44 40 24 20 19,200 14,400 37 2.8 32
46 27 21 20 11,340 8505 22 1.9 32
49 32 30 24 23,040 17,280 44 2.3 3.8
52 35 28 20 19,600 14,700 37 25 32
56 50 20 18 18,000 13,500 34 35 2.9
59 59 30 23 40,710 30,533 78 42 3.7
63 28 21 20 11,760 8,820 22.5 2.0 32
65 46 40 37 68,080 51,060 130 3.2 5.9
70 30 23 16 11,040 8280 21 2.1 2.5
73 44 35 16 24,640 18,480 47 3.1 2.5
77 27 22 10 5940 4455 11.4 1.9 1.6
80 41 35 22 31,570 23,678 60 2.9 35
82 25 16 10 4000 3000 7.5 1.8 1.6
87 25 14 4 1400 1050 2.8 1.8 0.6
Mean 43.6 31 19 42,504 31,878 81 3.1 3.1
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Table A2. Quantification of boulder size, volume, and estimated weight from selected coastal bar
samples through transect 2 at Bahia San Luis Gonzaga. EWH = estimated wave height. The density
of Baja Californian andesite at 2.3 gm/cm? is applied uniformly in order to calculate wave height for
each boulder.

Lor.lg Intermediate Sh(frt Volume Adjust Weight EWH EWH
Sample  Axis . Axis 3 o Nott[18]  Pepe [20]
Axis (cm) (cm?) to 75% (kg)

(cm) (cm) (m) (m)

1 33 25 24 19,800 14,850 38 23 3.8
5 47 35 33 54,285 40,714 104 33 53
7 42 22 20 18,480 13,860 35 3.0 3.2
9 52 40 35 72,800 54,600 139 3.7 5.6
11 58 47 26 70,876 53,157 136 41 41
13 31 18 6 3348 2511 6.4 2.2 1.0
15 50 29 16 23,200 17,400 44 3.5 2.5
17 36 13 11 5148 3861 9.8 25 1.8
20 54 37 25 49,550 37,463 96 38 4.0
22 46 25 18 20,700 15,525 40 32 2.9
23 42 33 18 328,320 246,240 628 3.0 2.9
26 28 21 10 5880 4410 11 2.0 1.6
28 26 24 10 6240 4680 12 1.8 1.6
30 33 30 29 28,710 21,533 55 2.3 4.6
32 28 18 12 6048 4536 12 2.0 19
34 30 15 7 3150 2363 6 21 11
39 29 23 11 7337 5503 14 2.0 1.8
41 45 25 24 27,000 20,250 52 32 3.8
45 39 36 18 25,272 18,954 48 27 2.9
47 50 38 16 30,400 22,800 58 3.5 25
51 44 20 12 10,560 7,920 20 3.1 19
53 64 51 11 35,904 26,928 69 45 1.8
55 30 30 18 16,200 12,150 31 21 2.9
57 50 28 8 11,200 8400 21 3.5 13
59 44 42 10 18,480 13,860 35 3.1 1.6
63 43 23 13 12,857 9643 25 3.0 2.1
66 29 28 20 16,240 12,180 31 2.0 3.2
68 41 36 13 19,188 14,391 37 29 21
73 37 29 20 21,460 16,095 41 2.6 3.2
75 26 19 15 7410 5558 14 1.8 2.4
77 40 25 25 25,000 18,750 48 28 4.0
80 23 23 8 4600 3450 8.8 1.6 13
84 36 21 18 13,608 10,206 26 25 29
Mean 40 28 17 30,886 23,174 59 2.8 2.7

Table A3. Quantification of boulder size, volume, and estimated weight from selected coastal bar
samples through transect 3 at Bahia San Luis Gonzaga. EWH = estimated wave height. The density
of Baja Californian andesite at 2.3 gm/cm? is applied uniformly in order to calculate wave height for

each boulder.
Long . Short . . EWH EWH
Sample  Axis [ntermediate .0 Volume Adjust  Weight 1161 pepe [20]
Axis (cm) (cm?) to 75% (kg)
(cm) (cm) (m) (m)
1 31 16 6 2976 2232 5.7 2.2 1.0
17 61 38 8 18,544 13,908 35 43 1.3
19 31 14 9 3906 2930 7.5 22 1.4
40 40 27 8 8640 6480 16.5 2.8 1.3
76 28 14 8.5 3332 2499 6.4 2.0 14
77 31 13 7 2821 2116 54 22 1.1
Mean 36 20.3 7.75 5664 4248 12.75 2.6 1.2
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Table A4. Quantification of boulder size, volume, and estimated weight from all coastal bar boulders
through transect 4 at Bahia San Luis Gonzaga. EWH = estimated wave height. The density of
Baja Californian andesite at 2.3 gm/cm? is applied uniformly in order to calculate wave height for
each boulder.

Lon}g Intermediate Sho.rt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o, Nott [18]  Pepe [20]
Axis (cm) (cm?) to 75% (kg)

(cm) (cm) (m) (m)

1 27 20 10 5400 4050 10 1.9 1.6
2 70 39 30 81,900 61,425 157 49 4.8
3 39 20 12 9360 7020 18 2.7 19
7 63 39 20 49,140 36,855 94 44 3.2
8 75 38 35 99,750 74,813 191 5.3 5.6
9 25 14 12 4200 3150 8 1.8 1.9
10 38 29 19 20938 15,704 40 2.7 3.0
12 29 23 17 11,339 8504 22 2.0 2.7
13 43 27 19 22,059 16,544 42 3.0 3.0
14 42 26 16 17,472 13,104 33 3.0 2.5
15 28 11 7 2156 1617 4 2.0 11
16 28 20 8 4480 3360 8.6 2.0 13
17 29 20 10 5800 4350 11 2.0 1.6
18 48 25 20 24,000 18,000 46 34 3.2
19 63 27 23 39,123 29,342 75 44 37
20 27 14 13 4914 3686 9 1.9 2.1
22 44 25 10 11,000 8250 21 31 1.6
25 40 34 15 20,400 15,300 39 2.8 24
26 32 23 5 3680 2760 7 23 0.8
27 61 25 19 28,975 21,731 55 43 3.0
29 38 27 13 13,338 10,004 26 2.7 21
31 40 16 15 9600 7200 18 2.8 24
32 50 34 25 42,500 31,875 81 3.5 4.0
34 35 19 18 11,970 8978 23 2.5 2.9
35 35 23 10 8050 6038 15 2.5 1.6
36 33 24 10 7920 5940 15 2.3 1.6
37 28 13 20 7280 5460 14 2.0 32
40 27 20 11 5940 4455 11 1.9 1.8
41 30 21 10 6300 4725 12 2.1 1.6
42 40 20 13 10,400 7800 20 2.8 2.1
45 40 38 10 15,200 11,400 29 2.8 1.6
48 27 17 10 4590 3443 9 1.9 1.6
Mean 40 24 15 19,037 14,278 36 2.8 2.4

Table A5. Quantification of boulder size, volume, and estimated weight from all coastal bar boulder
through transect 5 at Bahia San Luis Gonzaga. The density of Baja Californian andesite at 2.3 gm/cm? is
applied uniformly in order to calculate wave height for each boulder.

Lol}g Intermediate Shqrt Volume Adjust Weight EWH EWH
Sample Axis Axi Axis 3 o Nott [18]  Pepe [20]
xis (cm) (ecm?) to 75% (kg)

(cm) (cm) (m) (m)
1 57 40 38 86,640 64,980 166 4.0 6.1
2 38 26 9 8892 6669 17 2.7 14
3 35 32 4 4480 3360 8.6 2.5 0.6
7 40 23 10 9200 6900 17.6 2.8 1.6
8 27 20 9 4860 3645 9.3 1.9 14
10 32 23 10 7360 5520 14 2.3 1.6
18 26 24 14 8736 6552 17 1.8 22
19 25 12 10 3000 2250 57 1.8 1.6
20 36 27 14 13,608 10,206 26 2.5 22
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Table A5. Cont.

Lor}g Intermediate Shqrt Volume Adjust Weight EWH EWH
Sample Axis Axi Axis 3 o Nott [18]  Pepe [20]
xis (cm) (cm?) to 75% (kg)

(cm) (cm) (m) (m)

24 35 23 12 9660 7245 18.5 2.5 1.9
29 55 31 25 42,625 31,969 82 39 4.0
30 44 40 23 4480 3360 8.6 3.1 3.7
33 37 33 26 31,746 23910 61 2.6 4.1
37 25 18 17 7650 5738 14.6 1.8 2.7
38 38 23 8 6992 5244 13 2.7 1.3
44 30 19 12 6840 5130 13 2.1 1.9
46 79 43 21 71,337 53,503 136 5.6 3.3
47 35 17 12 7140 5355 14 2.5 1.9
56 36 20 12 8640 6480 17 2.5 1.9
101 425 28 19 22,610 16,958 43 3.0 3.0
102 39 23 13 11,661 8746 22 2.7 2.1
103 42 24 6 6048 4536 11.5 3.0 1.0
104 26 21 10 5460 4095 10 1.8 1.6
106 36 25 11 9900 7425 19 2.5 1.8
107 45 18 14 11,340 8505 22 32 2.2
108 34 24 7 5712 4284 11 24 1.1
115 28 26 12 8736 6552 17 2.0 1.9
119 40 30 12 14,400 10,800 27.5 2.8 1.9
123 25 15 15 5625 4219 11 1.8 2.4
Mean 375 25 14 15,358 11,519 294 2.6 2.2

Table A6. Quantification of boulder size, volume, and estimated weight from all coastal bar boulders
through transect 6 at Bahia San Luis Gonzaga. EWH = estimated wave height. The density of
Baja Californian andesite at 2.3 gm/cm2 is applied uniformly in order to calculate wave height for
each boulder.

Lor}g Intermediate Shc?rt Volume Adjust Weight EWH EWH
Sample  Axis . Axis 3 o Nott [18]  Pepe [20]
Axis (cm) (cm?) to 75% (kg)
(cm) (cm) (m) (m)
1 33 22 22 15972 11,979 30.5 2.3 3.5
2 37 30 12 13,320 9990 17 2.6 1.9
3 39 33 5 6435 4826 8.6 2.7 0.8
15 40 23 14 12,880 9660 24.6 2.8 2.2
16 39 30 25 29,250 21,938 56 2.7 4.0
20 29 26 6 4524 3393 8.6 2.0 1.0
26 29 19 11 6061 4546 12 2.0 1.8
30 80 54 23 99,360 74,520 190 5.6 3.7
41 26 21 6 3276 2457 6 1.8 1.0
69 31 26 7 5642 4232 11 2.2 1.1
73 44 16 14 9856 7392 19 3.1 2.2
80 27 14 8 3024 2268 6 19 1.3
83 26 18 13 6084 4563 12 1.8 2.1
93 35 15 7 3675 2756 7 25 1.1
94 32 24 23 17,664 13,248 34 23 3.7
96 37 25 11 10,175 7631 20 2.6 1.8
97 26 16 13 5408 4056 10 1.8 2.1
101 38 16 12 7296 5472 14 2.7 19
102 26 13 11 3718 2789 7 1.8 1.8
103 34 19 9 5814 4361 11 2.4 14
Average 35 23 12.6 13,472 10,104 25 25 2.0
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Table A7. Quantification of boulder size, volume, and estimated weight from selected coastal bar
samples through transect 7 at Bahia San Luis Gonzaga. EWH = estimated wave height. The density
of Baja Californian andesite at 2.3 gm/cm? is applied uniformly in order to calculate wave height for
each boulder.

Lon}g Intermediate Sho.rt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o, Nott [18]  Pepe [20]
Axis (cm) (cm?) to 75% (kg)
(cm) (cm) (m) (m)
5 53 49 32 83,104 62,328 159 3.7 5.1
7 58 41 20 47,560 35,670 91 41 32
12 26 15 12 5760 4320 11 1.8 19
15 34 22 15 11,220 8415 22 2.4 24
17 38 26 15 14,820 11,115 28 2.7 24
21 55.5 53 41 120,602 90,451 231 3.9 6.5
24 44 25 22 24,200 18,150 46 3.1 3.5
29 30 29 24 20,880 15,660 40 2.1 3.8
31 36 20 20 14,400 10,800 28 2.5 3.2
34 39 27 22 23,166 17,375 44 2.7 35
37 34 30 14 14,280 10,710 27 24 22
41 28 15 10 4200 3150 8 2.0 1.6
47 27 23 19 11,799 8849 23 1.9 3.0
50 44 20 14 12,320 9240 24 31 22
55 50 48 35 84,000 63,000 161 3.5 5.6
64 29 25 24 17,400 13,050 33 2.0 3.8
67 27 24 5 3240 2430 6 1.9 0.8
71 30 27 14 11,340 8505 22 21 22
73 26 22 14 8008 6006 15 1.8 22
79 25 16 12 4800 3600 9 1.8 1.9
81 52 29 13 19,604 14,703 38 3.7 21
83 27.5 19 12 6270 4703 12 1.9 1.9
88 30 26 14 10,920 8190 21 2.1 22
94 43 43 25 46,225 34,669 88 3.0 4.0
97 44 30 20 26,400 19,800 51 3.1 3.2
100 30 21 13 8190 6143 16 2.1 2.1
103 35 20 10 7000 5250 13 2.5 1.6
105 26 23 16 9568 7176 18 1.8 2.5
107 84 38 20 63,840 47,880 122 5.9 3.2
112 34 17 15 8670 6503 17 24 24
Mean 38 27 18 24,793 18,595 47 2.7 29
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Abstract: Previous studies on the role of hurricanes in Mexico’s Gulf of California examined coastal
boulder deposits (CBDs) eroded from limestone and rhyolite sea cliffs. Sedimentary and volcanic
in origin, these lithotypes are less extensively expressed as rocky shores than others in the overall
distribution of gulf shores. Andesite that accumulated as serial volcanic flows during the Miocene
constitutes by far the region’s most pervasive rocky shores. Here, we define a subgroup of structures
called barrier boulder deposits (BBDs) that close off lagoons as a result of lateral transport from
adjacent rocky shores subject to recurrent storm erosion. Hidden Harbor (Puerto Escondido) is the
most famous natural harbor in all of Baja California. Accessed from a single narrow entrance, it
is commodious in size (2.3 km?) and fully sheltered by outer andesite hills linked by two natural
barriers. The average weight of embedded boulders in a succession of six samples tallied over a
combined distance of 710 m ranges between 74 and 197 kg calculated on the basis of boulder volume
and the specific gravity of andesite. A mathematical formula is utilized to estimate the wave height
necessary to transport large boulders from their source. Average wave height interpreted by this
method varies between 4.1 and 4.6 m. Input from fossil deposits and physical geology related to fault
trends is applied to reconstruct coastal evolution from a more open coastal scenario during the Late
Pleistocene 125,000 years ago to lagoon closure in Holocene time.

Keywords: barrier boulder deposits; hurricane storm surge; hydrodynamic equation; Gulf of
California (Mexico)

1. Introduction

Based on a coastal survey using satellite imagery [1], volcanic flows of Miocene age that accrued
as andesite were found to account for more than 700 km of peninsular and island shores in the western
Gulf of California. By far, andesite is the most common rock type, accounting for 24% of all shores
including sand beaches. Given the dominant occurrence of these rocks, it is pertinent to ask how it
responds to forces of physical erosion. This contribution is the third in a series to examine rocky shores
in the context large-scale boulder deposits attributed to storms of hurricane intensity that impacted the
peninsular inner shores of Mexico’s Baja California. The strength and behavior of recent storms, such
as Hurricane Odile in 2014, follow a consistent pattern that allows predictions to be tested as to the
specific vulnerability of different rock types. Previous work focused on a coastal boulder deposit (CBD)
with metric-ton blocks of Pliocene limestone torn from the outer margin of a 12-m marine terrace on
Isla del Carmen in the Gulf of California [2]. A subsequent study examined similar-size boulders pried
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from a rhyolite coast not far to the north at Ensenada Almeja [3]. Limestone rocky shores amount to
only 7.5% of shores in the western Gulf of California and rhyolite is so uncommon, it was not part of
our original satellite reconnaissance [1].

Here, we consider the natural setting at Puerto Escondido (Spanish for Hidden Harbor), which has
a restricted entrance but opens to a large lagoon otherwise entirely surrounded by andesite foothills
related to the rugged Sierra de la Giganta. The inner lagoon is large enough to accommodate a
small armada and the working harbor has been modernized to accommodate anchorage for visiting
yachts and sailboats as well as larger vessels that call at the main wharf just inside the entrance.
Puerto Escondido is renowned for the description by Steinbeck and Ricketts [4] during their epic
voyage to the Gulf of California aboard the Western Flyer in 1940. Marine biologist, Ed Ricketts, who in
1939 published a ground-breaking treatise on the intertidal relationships of marine invertebrates along
the Pacific shores of the United States [5], planned the expedition to expand his observations to the
biologically rich but then poorly studied Sea of Cortez. His friend, author John Steinbeck, called the
Hidden Harbor a place of magic and wrote: “If one wished to design a secret personal bay, one would
probably build something very like this little harbor.”

The goal of this paper is to apply geological and geomorphological insights to explain why Puerto
Escondido is so extraordinary as a natural harbor. Paleontological data, as well as the location of
critical fault lines, are used to show how the coast was more open to marine circulation during the
last interglacial epoch in the Late Pleistocene. The emplacement of two major barriers fixed among
outer hills is the primary focus of analysis looking at boulder shapes and their variation in size and
calculated weight. Estimation of wave heights necessary to transport large boulders serves as a proxy
to gauge recurrent storm intensity. Lastly, geomorphologic modeling provides a means to consider
the degree to which rocky-shore retreat has occurred over Holocene time in a consistently subtropical
setting and the scale of erosion necessary to provide the raw materials for barrier construction.

2. Geographical and Geological Setting

Situated between the Mexican mainland and the Baja California peninsula, the Gulf of California
is a marginal sea with a semi-enclosed area amounting to 210,000 km? arrayed along a NW-SE
axis stretching for 1100 km (Figure 1a). Central basins within the gulf are semi-oceanic in depth,
exceeding 3200 m. The southern opening to the Pacific Ocean is 180 km wide and allows for a range of
oceanographic phenomena [6] that in turn stimulates seasonal upwelling and nutrient fertilization
linked to a high degree of biological productivity and species diversity [7]. More than a dozen tropical
storms typically form off the cost of Acapulco at approximately 15° N latitude during the annual
hurricane season, but most turn outward to the northwest before reaching the southern tip of the Baja
California peninsula at 23° N Latitude [8]. Major storms are known to enter the Gulf of California—most
recently, Hurricane Odile in September 2015 [9] and Hurricane Lorena in September 2019.

Puerto Escondido is located 24 km south from the town of Loreto in Baja California Sur on the
Gulf of California (Figure 1b, locality 1). A small outer harbor is linked to a huge inner harbor by a
narrow entrance on the south side. Viewed from hills on the inland western side (Figure 2), the harbor
is notable for a pair of distinct barriers that form robust sea walls anchored to an intermedjiate islet.
At their opposite ends, the pair of barriers are linked to the bedrock on the peninsula mainland to
the north and a large island to the south that also guards the entrance to the inner harbor. In concert,
the combination of natural barriers and fixed bedrock effectively seals off the lagoon from outside
disturbances in the open Gulf of California.
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Figure 1. Locality maps showing Mexico’s Baja California peninsula and Gulf of California; (a) Mexico
and border area with the Unite States, denoting key villages or cities with inset box marking the study
region around the town of Loreto; (b) Region around Loreto in Baja California Sur, marking coastal
boulder deposits (*) at localities 1 to 4.

barrier #1
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Figure 2. View east over the inner harbor at Puerto Escondido with Isla del Carmen on the horizon.

From a geological perspective, the history of faulting in western Mexico is intimately related to the
origins of the Gulf of California. Tectonic separation of the Baja California peninsula from the mainland
occurred due to crustal extension between 13 and 3.5 million years ago, with N-S trending faults
related to Basin and Range development in western North America. Thereafter, a change in tectonic
regime led to transtensional faulting with the transfer of the peninsula to the Pacific Tectonic Plate and
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its ongoing migration to the NW [7]. During the earlier phase, faults were oriented mainly N-S and the
peninsular coast underwent major uplift west of the Loreto rift segment between 5.6 and 3.2 million
years ago, amounting to 100s of meters in the Sierra de la Gigante [10]. Many of the 40 named islands
in the gulf conform to fault blocks subjected to uplift as structural horsts [11]. Subsequent strike-slip
faulting is oriented NW-SE perpendicular to a series of step-like spreading centers located within deep
basins through the Gulf of California. A major clue as to the tectonic history of the study area around
Puerto Escondido is the placement of faults registered in the landscape.

3. Materials and Methods

3.1. Data Collection

Data on topography, basin size, watershed boundaries and fault orientations are derived from
a portion of the Mexican federal government map for the Juncalito quadrangle (G12C19). Drawn at
a scale of 1:50,000, the greater map was issued by the Instituto Nacional de Estadistica Geografia e
Informatica in 1982. Contour intervals from the government map were scanned and traced to yield a
project map retaining an accuracy at 20 m intervals. The 1982 version of the map was updated to show
the main details of improved harbor infrastructure since that time.

Puerto Escondido was visited on 24 and 25 April 2019, when the field data for this study were
collected based foremost on a sample of 100 boulders divided equally among four transects along
the upper tide line of the northern Coastal Barrier Deposit (CBD) and another 50 boulders along the
southern CBD. The boundary is denoted by a prominent color due to marine algae. The definition for
a boulder adapted in this exercise is that of Wentworth (1922) for an erosional clast equal or greater
than 256 mm in diameter [12]. There exists no proposed upper limit in size for this category.

Collection of data on boulder size followed procedures graphically codified in Figure 3. A Brunton
compass and meter tape were used to lay out transects in 50 m segments. Consistent with previous
studies [1,2], the largest 25 boulders were measured manually in each transect with boulder centers
spaced from 1 to 1.5 m apart. Each boulder required three measurements along principle axes (long a,
intermediate b and short c). Triangular plots were employed to demonstrate variations in boulder
shape, following the practice of Sneed and Folk (1958) for river pebbles [13]. Data regarding the
maximum and intermediate lengths perpendicular to one another from individual boulders were
plotted in bar graphs to show potential shifts in size from one transect to the next. A representative
cobble of andesite was collected from the northern barrier for laboratory treatment at Williams College,
where it was weighed, and its volume determined as a function of equal displacement when submerged
in a beaker of water. Prior to immersion, the rock was water-proofed by spraying it with Thompson’s
Water Seal TM (The Thompson’s Co, Cleveland, OH, USA).
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Figure 3. Schematic portrayal of the sampling method applied at Puerto Escondido (not to scale).
3.2. Hydraulic Model

With determination of specific gravity based on laboratory testing for volume and weight, a
hydraulic model may be applied to predict the energy needed to transport larger andesite blocks from
a rocky shoreline to a barrier deposit as a function of wave impact. Andesite is a volcanic rock that
forms from surface flows with variable thicknesses and a propensity to vertical fractures. These factors
control the size and general shape of blocks loosened in the cliff face. Herein, the formula used to
estimate the magnitude of storm waves applied to joint-bounded boulders is taken from equation 36 in
the work of Nott [14]:

(Ps—Pw/Pw)a

Hs =
S C1

where Hs = height of the storm wave at breaking point; Ps = density of the boulder (tons/m® or g/cm?)
Pw = density of water at 1.02 g/mL; a = length of boulder on long axis in cm; and C; = lift coefficient
(=0.178).

4. Results

4.1. Topographic Base Map

The base map adapted for use in this project treats an area of 25 km? (Figure 4). A small outer
harbor open to the south occupies an area of 0.5 km?. To one side of the outer harbor, the mouth (La
Bocana) forms a 50-m wide entrance to a much larger inner harbor covering 2.3 km?. The narrow
connection between outer and inner harbors admits tidal flux but resists severe weather arriving from
all directions. Hills surrounding the inner harbor inland to the west exhibit lower topography with
elevations ranging between 100 and 160 m above sea level. The outer eastern edge of the harbor
complex is formed by a linear front stretching 4 km from NW to SE consisting of two hills (Cerro
El Chino and Cerro La Enfermeria) connected to an un-named islet by barriers #1 and #2 (Figure 4).
The islet rises to an elevation exceeding 80 m above sea level, whereas bedrock on the neighboring
hills reaches 120 and 180 m, respectively. Formed by andesite pebbles, cobbles, and boulders, the two
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natural breakwaters are the most vulnerable spots in the outer defense of the main harbor. The longer
northern barrier extends for 250 m, whereas the shorter southern barrier is 140 m in length. On average,
barrier width amounts to 30 m, with a mid-line 2.75 m above mean sea level. On close inspection, the
inner west-facing edges of the barriers drop off abruptly into the enclosed lagoon. The outer east-facing
margins are ramp-like in configuration extending at a low angle into the water.
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Figure 4. Topographic map showing the hills surrounding Puerto Escondido and other key features
including a Pleistocene fossil deposit and faults.

4.2. Paleontological Data from the Western Hills

Described here for the first time, a key fossil deposit occurs in the western hills above the inner
harbor at Puerto Escondido. Approximately one hectare in area (Figure 5a), the deposit is comparable
to Pleistocene shell drapes found on 12-m marine terraces along of the peninsular gulf coast [15].
Here, the shell drape sits 45 m above present sea level covering the topographic saddle between hills
separating the harbor lagoon on one side and Bahia Juncalito to the north (Figure 4). Loose shells in the
deposit correlate with the last interglacial epoch 125,000 years ago, when sea level worldwide was 6 m
higher than today based on comparisons with marine deposits from islands regarded as tectonically
stable [16,17]. A precise radiometric date is not possible, because datable Porites corals are not found at
this locality. For the most part, the Puerto Escondido drape consists of white-bleached and abundant
shells from the clam Chione californiensis—all of which are disarticulated as separate valves. Rare, but
easy to spot within the mix is a small oyster (Ostrea fischeri), also known to encrust rocks in an intertidal
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environment. In a single sample covering 16 dm?, approximately 75 valves of the dominant Chione
clam litter the surface (Figure 5b). Tested laterally, the deposit is rarely more than 15 cm in thickness.

Figure 5. Upper Pleistocene shell drape in the western hills around Puerto Escondido: (a) View from

an elevation of 45 m above sea level looking west toward the Sierra de la Gigante in the background;
(b) Close-up view of the shell drape dominated by disarticulated vales of the Mollusk bivalve, Chione
californiensis. Pocket knife for scale is 9 cm in length.

The tally features whole (unbroken) valves, although fragmented shells also are present. From
the sample, there is scarcely any evidence for other species of marine mollusks. The operculum of a
marine gastropod (Turbo fluctuosus) is small and easy to overlook. That particular species is diagnostic
for a herbiverous gastropod typically found living in an intertidal setting, today. Another shell hidden
in the array is a predatory gastropod (Murex elenensis), also found today living in the intertidal zone
where it feeds on other mollusks and barnacles. The Turbo utilizes a hard mouthpiece called a radula
like a file to scrape off marine algae critical to its diet, whereas the Murex uses a similar mouth device to
bore a hole through the shells of its prey to gain access for feeding. Larger shells are widely scattered
around the deposit but few in number. They include the turkey shell (Cardita megastrophica), bittersweet
shell (Glycymeris maculate), cholate shell (Megapitaria squalida), cockle shell (Trachycardium panamense),
and rock oyster (Spondylus calcifer). The overall species list requires some effort to assemble, because
these larger shells represent a clear minority within the shell assemblage. All are represented by extant
species living in the Gulf of California today [18]. The fossil shell drape is observed to occur off to
one side of a fault that extends southward through a narrow valley from Bahia Juncalito. Considering
that shell drapes of this reputed age from marine terraces elsewhere typically occur 12 m above sea
level [15], tectonic uplift of the hills around Puerto Escondido represents a local anomaly some 32 m
above normal. Proximity to the master Loreto fault and massive uplift of the nearby Sierra de la
Gigante [10] account for this discrepancy.

The original work by Steinbeck and Ricketts [4] includes a detailed accounting of marine life both
within the inner harbor and the outer harbor. These local biological data make a useful contrast with
the paleontological data. The Brown Cucumber (Isostichopus fusca), a holothurian typically 15 cm in
length, was found to occupy the inner harbor in a population numbering in the hundreds. Sand flats on
the west side of the inner harbor appeared to be sterile. In contrast, one of the richest collecting stations
of the entire expedition was reported from the outer harbor, where tidal currents were strongest at the
entrance. A diverse biota was recorded to include sponges, tunicates, chitons, limpets, bivalves, snails,
hermit crabs, as well as numerous species of sea cucumbers and starfish.
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4.3. Sample Density Calculation

Specific gravity is a precise physical property that compares the density of an object to that of one
cubic centimeter of water. One of the diagnostic characteristics of all naturally occurring minerals is
defined by a known specific gravity. Because the composition of igneous rocks is variable, depending
on the ratio of component minerals, the specific gravity of a particular class of igneous rocks like granite,
rhyolite, or andesite will vary from region to region. The andesite sample from Puerto Escondido
collected for laboratory analysis was a single cobble determined to weigh 575 g. After treatment to
make the sample water-tight, the cobble was submerged in a wide-mouth, graduated beaker partially
filled with distilled water. The volume of water displaced through this operation amounted to 225 mL.
Dividing mass by volume yielded a density of 2.55 for the andesite sample, which means it was found
to be 2.55 times as dense as water. The laboratory result was subsequently applied uniformly to
all further calculations using the formula cited in the methods section, above. For comparison, the
specific gravity of limestone from our earlier study at nearby Isla del Carmen (Figure 1b, locality 2)
was determined to be 1.86 [2] and the banded rhyolite from our study at Ensenada Almeja (Figure 1b,
locality 3) was determined to be 2.16 [3].

4.4. Placement of Transects and Analysis of Boulder Shapes

The modern inter-tidal zone is visible on the exposed outer margin of the two barriers by boulders
tinted light green in color with the growth of filamentous algae. Contrast with the clean supratidal
zone is clearly observed looking to the NW on barrier #1 with the sea cliffs of Cerro El Chino in
the background (Figure 6a). All transects in this study were set along this boundary at the top of
the intertidal zone. In the opposite direction, the view shows placement of the meter tape with the
un-named islet in the distance to the SE (Figure 6b).

It is worthy of note that both Cerro El Chino and the un-named islet exhibit steep sea cliffs where
erosion resulted in significant coastal retreat. The effect is apparent in the asymmetry of the outer
hills and related islet as registered on the topographic map (Figure 4). A view from the middle of
barrier #1 looking SW shows a characteristic mixture of pebbles, cobbles, and boulders entrained in
the natural breakwater (Figure 6b). Looking eastward (Figure 6c¢), the meter tape is extended in front
of the figure and the larger boulders in the field of view fall along the boundary between the darker
upper inter-tidal zone and the normal supratidal zone. Much the same mixture of eroded cobbles and
boulders is visible in the shallow water behind the figure. The larger boulders are typically 1 m in
maximum diameter.

Raw data on boulder size in three dimensions collected from four consecutive transects each—50
m in length—are available in Tables 1-4. Data points representing individual boulders grouped by
transect are plotted on a set of Sneed-Folk triangular diagrams (Figure 7a—d), showing the actual
variation in shapes. Those points clustered nearest to the core of the diagrams are most faithful to an
average value with somewhat equidimensional axes in three directions. Only very seldom do points
for these boulders appear in the upper-most triangle, which signifies a cube-shaped endpoint. The vast
majority falls within the central part of the two tiers beneath the top triangle. However, the overall
trend among those points grouped from different transects trace a similar pattern angled toward the
lower right corner of the diagrams. No points are plotted in the lower left tier in any of the diagrams,
but a few occur in the lower right tier most notably in Figure 7b,c. The repetitive pattern in these
plots indicates a tendency toward boulders that are oblong in shape. Although the trends in shape are
similar among the four samples from barrier #1, the plots have no bearing on variations in boulder size.
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Figure 6. Boulder deposits from barrier #1; (a) View from the north end of the boulder deposit with the
eroded cliff face of Cerro El Chino in the background; (b) View looking toward the south end with the
eroded cliff face of an un-named islet in the distance; (c) View east from the center of the barrier. In

each view, the anchor position of the meter tape is at the upper tide line marked by black arrows.
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Table 1. Quantification of boulder size, volume and estimated weight from coastal bar samples through
Transect 1a at the east end of Cerro El Chino (Puerto Escondido). The laboratory result for density of
andesite at 2.55 gm/cm? is applied uniformly in order to calculate wave height for each boulder.

Sample ]::;Slt\;l:;te I:Zf Intermediate thoil: Volume Adjust. Weight Estimated
P Axis (cm) (cm® to 75% (kg) Wave ht. (m)
(cm) (cm) (cm)
1 0 100 60 35 210,000 157,500 402 8.3
2 +100 76 46 36 125,856 94,374 241 6.3
3 +250 85 63 23 123,165 92,374 236 7.1
4 +200 82 65 34 181,220 135,914 347 6.8
5 +240 100 50 26 130,000 97,500 249 8.3
6 +140 82 45 36 132,840 99,630 254 6.8
7 +150 42 37 36 55,944 41,958 107 35
8 +210 66 33 25 54,450 40,838 104 55
9 +70 57 30 23 39,330 29,497 75 4.7
10 +230 67 38 21 53,466 40,100 102 5.6
11 +70 70 34 25 59,500 44,625 114 5.8
12 +50 69 43 17 50,439 37,829 96 5.7
13 +100 64 36 24 55,296 41,472 106 53
14 +100 69 35 32 77,280 57,960 148 5.7
15 +130 81 38 23 70,794 53,096 135 6.7
16 +220 84 61 48 245,952 184,464 470 7.0
17 +370 52 51 22 58,344 43,758 112 43
18 +260 78 75 23 134,550 100,913 257 6.5
19 +170 89 55 49 239,855 179,891 459 7.4
20 +230 131 43 41 230,953 173,215 442 10.9
21 +100 63 35 25 55,125 41,344 105 52
22 +100 5 39 19 41,49 31,122 79 47
23 +420 58 35 25 50,750 38,063 97 4.8
24 +100 75 31 28 65,10 48,825 125 6.2
25 +250 50 27 26 35,100 26,325 67 42
Average +170 74 44 29 103,072 77,303 197 6.3

Table 2. Quantification of boulder size, volume and estimated weight from coastal bar samples through
Transect 1b (continuation from 1a east of El China). The laboratory result for density at 2.55 gm/cm? is
applied uniformly to all samples in order to calculate wave height for each boulder.

Distance Long Short

. Intermediate . Volume Adjust. Weight Estimated
Sample to Next Axis Axis (cm) Axis (cm®) to ;5% (kgg) Wave ht. (m)
(cm) (cm) (cm)
1 0 73 31 23 52,049 39,037 100 6.1
2 300 47 29 25 34,075 25,556 65 3.9
3 130 59 25 18 26,550 19,913 51 49
4 170 86 32 18 49,536 66,048 168 7.3
5 300 49 39 26 49,686 66,248 169 4.1
6 30 44 42 39 72,072 96,096 245 37
7 300 36 25 23 20,700 15,525 40 3
8 210 42 28 23 27,048 20,286 52 3.5
9 160 72 39 29 81,432 61,074 156 6
10 160 48 25 25 30,000 22,500 57 4
11 100 95 40 29 110,200 82,650 211 79
12 190 60 36 19 41,040 30,780 78 5
13 110 59 32 22 41,536 31,152 79 49
14 170 62 45 28 78,120 58,590 149 52
15 330 59 41 29 70,151 52,613 134 49
16 200 47 23 17 18,377 13,783 35 39
17 200 62 36 33 73,656 55,242 141 52
18 170 78 29 25 56,550 42,412 108 6.5
19 230 63 40 25 63,000 47,250 120 52
20 170 70 49 37 126,910 95,183 243 5.8
21 100 74 43 41 130,462 97,842 250 6.3
21 220 52 34 18 31,824 23,868 61 43
23 180 46 33 23 34,914 26,186 67 3.8
24 100 75 28 22 46,200 34,650 88 6.2
25 150 53 48 27 68,688 51,516 131 44
Average 175 60 35 26 57,391 47,040 120 5
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Table 3. Quantification of boulder size, volume and estimated weight from coastal bar samples through
Transect 1c (continuation from 1b east of El China). The laboratory result for density at 2.55 gm/cm3 is
applied uniformly in order to calculate wave height for each boulder.

Sample ]::;Slt\;l:;te I:Zf Intermediate thoil: Volume Adjust. Weight Estimated
Axis (cm) (em®) to 75% (kg) Wave ht. (m)
(cm) (cm) (cm)
1 0 45 30 17 22,950 17,213 44 3.7
2 250 40 21 15 12,600 9,450 24 33
3 120 58 22 19 24,244 18,183 46 4.8
4 130 60 40 18 43,200 32,400 83 5
5 170 86 35 33 99,330 74,498 190 7.3
6 200 61 28 24 40,992 30,744 78 5.1
7 110 65 35 16 36,400 27,300 70 5.4
8 180 55 25 24 33,000 24,750 63 4.6
9 260 69 42 20 57,960 43,470 111 5.7
10 250 49 37 18 32,634 24476 62 4.1
11 250 44 34 33 49,368 37,026 94 3.7
12 330 52 36 29 54,288 40,716 104 43
13 180 59 18 18 19,116 31,152 37 49
14 320 36 12 17 7,344 5,508 14 3
15 80 36 28 17 17,136 12,852 33 3
16 240 39 22 12 10,296 7,722 20 32
17 230 38 20 18 13,680 10,260 26 32
18 270 49 31 13 19,747 42,412 108 4.1
19 130 50 36 18 63,000 14,810 38 4.2
20 230 80 50 29 32,400 24,300 62 6.7
21 110 49 25 25 116,000 87,000 222 4.1
22 160 37 22 13 30,625 22,969 59 3.1
23 300 43 28 18 21,672 16,254 41 3.6
24 250 48 24 15 17,280 12,960 33 4
25 60 79 37 32 93,536 70,152 179 6.6
Average 198 53 30 20 38,752 29,064 74 44

Table 4. Quantification of boulder size, volume and estimated weight from coastal bar samples through
Transect 1d (continuation from 1c east of El China). The laboratory result for density at 2.55 gm/cm? is
applied uniformly in order to calculate wave height for each boulder.

Distance Long Short

. Intermediate . Volume Adjust. Weight Estimated
Sample to Next Axis Axis (cm) Axis (cm®) to ;5% (kgg) Wave ht. (m)
(cm) (cm) (cm)
1 0 45 31 25 34,875 26,156 67 37
2 320 51 30 24 36,720 27,540 70 42
3 330 49 26 23 29,320 21,990 56 4.1
4 100 38 19 17 12,274 9,206 23 32
5 180 40 21 18 15,120 11,340 29 3.3
6 210 43 16 14 9,632 7,224 18 3.6
7 190 47 19 17 15,181 11,386 29 1.9
8 200 59 37 26 56,758 42,569 109 49
9 220 57 20 20 22,800 17,100 44 4.7
10 110 57 27 16 24,624 18,468 47 47
11 170 47 23 14 15,134 11,351 29 3.9
12 30 38 20 19 14,440 10,830 28 32
13 210 96 56 20 107,520 80,640 206 8
14 180 76 46 32 111,872 83,904 214 6.3
15 120 54 42 30 68,040 51,030 130 4.5
16 140 52 25 24 31,200 23,400 60 43
17 40 72 35 18 45,360 34,020 87 6
18 200 57 26 20 29,640 22,230 57 47
19 100 67 41 30 82,410 61,808 158 5.6
20 250 59 30 21 37,170 37,170 71 49
21 380 76 40 26 79,040 59,280 151 6.3
22 20 74 40 38 112,480 84,360 215 6.2
23 120 51 39 27 53,703 40,277 103 4.2
24 170 55 42 30 69,300 51,975 133 4.6
25 270 78 50 31 120,900 90,675 231 6.5
Average 170 58 32 23 49,421 37,437 95 4.8
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Figure 7. Set of four triangular Sneed-Folk diagrams used to appraise variations in boulder shape on
barrier #1; (a) Trend for boulders from Transect 1a; (b) Trend for boulders from Transect 1b; (c) Trend
for boulders from Transect 1c; (d) Trend for boulders from Transect 1d. Note the similarity in slopes
from sample to sample.

Comparable data from barrier #2 collected along two consecutive transects of 50 m each are
registered in Tables 5 and 6. Individual boulders from the upper intertidal zone of barrier #2 are shown
by data points plotted in a pair of Sneed-Folk triangular diagrams. The trends expressed in Figure 8a,b
are similar both to one another, as well as to those found in Figure 7a—d. That is, the overprint of a
common pattern immerges in which the constituent boulders entrained in both barriers trend toward

shapes that are more elongated and not at all plate-shaped.
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Table 5. Quantification of boulder size, volume and estimated weight from coastal bar samples collected
from transect 2a. (north of Cerro Enfermeria). The laboratory result for density at 2.55 gm/cm3 is
applied uniformly in order to calculate wave height for each boulder.

Sample ]::;Slt\;l:;te I:Zf Intermediate thoil: Volume Adjust. Weight Estimated
Axis (cm) (em®) to 75% (kg) Wave ht. (m)
(cm) (cm) (cm)
1 0 62 28 26 45,136 33,852 86 52
2 220 73 34 21 52,122 39,092 100 6.1
3 210 118 63 42 312,228 234,171 597 9.8
4 170 86 58 33 164,604 123,453 315 72
5 170 48 32 28 43,008 32,256 82 4
6 160 48 38 29 52,896 39,672 101 4
7 10 58 43 27 67,338 50,504 129 48
8 210 61 48 45 131,760 98,820 252 5.1
9 380 90 53 23 109,710 82,283 210 7.5
10 220 75 58 29 126,150 94,613 241 6.2
11 320 55 38 35 73,150 54,863 140 4.6
12 180 82 51 22 92,004 69,003 176 6.8
13 220 69 25 17 29,325 21,994 56 5.7
14 80 78 52 25 101,400 76,050 194 6.5
15 100 78 34 25 66,300 49,725 127 6.5
16 80 64 43 20 55,040 41,280 105 53
17 120 59 41 23 55,637 41,728 106 49
18 80 80 34 25 68,000 51,000 130 6.7
19 110 65 39 33 83,655 62,741 160 5.4
20 230 65 45 17 49,725 37,294 95 54
21 180 88 39 35 120,120 90,090 230 7.3
22 150 72 44 22 69,696 52,072 133 6
23 140 73 60 22 96,360 72,270 184 6.1
24 180 67 31 20 41,540 31,155 79 5.6
25 230 64 39 25 62,400 46,800 119 53
Average 166 71 43 27 86,772 65,071 166 59

Table 6. Quantification of boulder size, volume and estimated weight from coastal bar samples from
transect 2b. (north of Cerro Enfernmera). The laboratory result for density at 2.55 gm/cm? is applied
uniformly in order to calculate wave height for each boulder.

Distance Long Short

. Intermediate . Volume Adjust. Weight Estimated
Sample to Next Axis Axis (cm) Axis (cm®) to ;5% (kgg) Wave ht. (m)
(cm) (cm) (cm)
1 0 118 52 48 294,528 220,896 563 9.8
2 300 56 37 23 47,656 35,742 91 47
3 110 51 24 17 20,808 15,606 40 42
4 260 79 49 22 85,162 63,872 163 6.6
5 240 50 40 22 44,000 33,000 84 42
6 110 51 35 26 46,410 34,808 89 42
7 60 66 40 17 44,880 33,660 86 55
8 100 67 38 30 76,380 57,285 146 5.6
9 150 66 43 26 73,788 55,341 141 55
10 170 58 44 35 89,320 66,990 171 4.8
11 70 86 49 31 130,634 97,976 250 7.2
12 250 63 44 20 55,440 41,580 106 52
13 60 75 45 18 60,750 45,563 116 6.1
14 120 63 31 27 52,731 39,548 101 53
15 280 86 45 21 81,270 60,953 155 53
16 90 60 37 35 116,550 87,413 223 7.2
17 320 56 35 31 60,760 45,570 116 5
18 0 46 34 22 34,408 25,806 66 4.7
19 300 61 34 27 55,998 41,999 107 3.8
20 100 70 44 28 86,240 64,680 165 5.1
21 470 89 58 42 216,804 162,603 415 5.8
22 180 59 33 26 50,622 37,967 97 7.4
23 120 59 31 17 31,093 23,320 59 49
24 380 48 31 24 35,712 26,784 68 4
25 360 70 42 21 61,740 46,305 118 5.8
Average 184 66 40 26 78,147 58,611 149 55
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Figure 8. Pair of triangular Sneed-Folk diagrams used to appraise variations in boulder shape on
barrier #2; (a) Trend for boulders from Transect 2a; (b) Trend for boulders from Transect 2b. Note
similarities in slopes with those from barrier #1 in Figure 7.

4.5. Analysis of Boulder Sizes

Variations in boulder size as a function of maximum and intermediate length drawn from the
data sets for barrier #1 (Tables 1-4) are plotted separately for each of four transects using bar graphs.
In this case, the stacked succession of graphs in Figure 9a—d show that the extreme outlier in maximum
boulder size occurs in the first transect nearest the sea cliffs on Cerro El Chino. Boulders in the size
class between 41 and 55 cm in diameter become more abundant and those in the size class between 56
and 70 cm in diameter are fewer in number. Otherwise, the size distributions remain fairly consistent
from transect 1b through transect 1d. However, a deviation signaling a minor reversal in the size class
between 71 and 85 cm appears in a comparison of Figure 9¢c,d. Such a reversal could imply a change in
the direction of boulder source coming from the intermediate islet to the south. The numbers involved
are small.

Boulder sizes along the intermediate axis from transects 1a through 1d are plotted in the stacked
bar graphs from Figure 9e-h. Not surprisingly, the outlier in extreme length is found in Figure 8e
representing the transect nearest the sea cliffs on Cerro El Chino. Otherwise, boulders in the size class
between 26 and 40 cm are fairly consistent in number through the four transects. Data comparing
the relative frequency of boulders in different size classes from barrier #2 are plotted as bar graphs in
Figure 10a,b for the long axis and Figure 10c,d for the intermediate axis. Differences between the two
samples are few. Most noticeable is the diminishment of boulders in the size class between 71 and 85
cm from transect 2a to 2b in regard to length across the long axis. Otherwise, apparent differences
in size variation tend to be minimal. Again, a minor deviation appears in close comparison among
Figure 9f-h, with particular reference to the size class between 41 and 55 cm. Moreover, a single large
boulder in the size class between 56 and 70 cm is re-established.
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Figure 9. Parallel sets of bar graphs used to appraise variations in the long and intermediate axes on
boulders from barrier #1; (a) Long axis from boulders in Transect 1a; (b) Long axis from boulders in
Transect 1b; (c) Long axis from boulders in Transect 1c; (d) Long axis from boulders in Transect 1d; (e)
intermediate axes from boulders in Transect 1a; (f); Intermediate axis from boulders in Transect 1b; (g);
Intermediate axis from boulders in Transect 1c; (h) Intermediate axis from boulders in Transect 1d.
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Figure 10. Parallel sets of bar graphs used to appraise variations in the log and intermediate axes on
boulders from barrier #2; (a) Long axis from boulders in Transect 2a; (b) Long axis from boulders in
Transect 2b; (c) Intermediate axis from boulders in Transect 2a; (d) Intermediate axis from boulders in

Transect 2b.

4.6. Estimation of Wave Heights

A summary of key data is provided (Table 7), pertaining to average boulder size and maximum
boulder size from the four transects in barrier #1 and two transects in barrier #2 as correlated with
weight calculated on the basis of specific gravity for andesite. These data are applied to estimate the
wave heights required to transport boulders from the bedrock source in sea cliffs to their resting place
embedded in the natural breakwaters. The estimated wave height needed to move the largest bolder
encountered in Transect 1a amounts to 7 m, although the average computed for the 25 boulders in that
sample amounts to 6.3 m. Average boulder size generally declines through the four transects from
barrier #1, as does the average wave height estimated to move those boulders. Regarding barrier #2,
the average boulder size declines from transect 2a to 2b and so does the average wave height estimated
to move those boulders. However, there is no difference between the largest boulders from the two
transects with respect to maximum size and estimated wave height required to shift those boulders.
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Table 7. Summary data from Tables 1-6 showing maximum boulder size and estimated weight
compared to the average values for all boulders (N = 25) from each of transects 1-6 together with
calculated values for wave heights estimated as necessary for boulder mobility.

Average Estimated Max. Estimated
Number Average Max.
Bolder Average Bolder Wave
Tran-Sect of Boulder R Boulder . .
Samples Size (cm?) Weight Wave ht. Size (cm?) Weight Height
(kg) (m) (kg) (m)
la 25 77,303 197 6.3 179,891 470 7
1b 25 47,040 120 5 97,842 250 6.3
1lc 25 57,391 74 4.4 87,000 222 4.1
1d 25 37,437 95 4.8 90,675 215 6.2
2a 25 65,071 166 5.9 234,171 597 9.8
2b 25 58,611 149 5.5 220,896 563 9.8

4.7. Implications of Geomorphologic Modeling

The extent of topographic asymmetry across the outer bulwark of lands fringing Puerto Escondido
(Figure 4) invites geomorphologic modeling aimed at accounting for the amount of rock volume lost
due to coastal recession. This exercise targets the un-named islet between barriers #1 and #2, where the
object’s shape is relatively small and simple. Inherent in the model is the assumption that a body of
bedrock with uniform composition starts out having more balanced proportions at the commencement
of physical erosion. Three stages are depicted graphically in the model (Figure 11). First, the islet’s
present-day topography is laid out on a regular grid and a diagonal line is drawn such that the
asymmetry is segregated to one side (Figure 11a). The area within each successive line of topography is
estimated separately and thereafter, volume may be calculated through addition in discrete topographic
intervals much like adding layers in a tiered wedding cake. Following this procedure, the bulk volume
of the andesite islet is found to be roughly 13.85 million cubic meters. In stage 2 (Figure 11b), those
topographic lines with the closest spacing are erased. In stage 3 (Figure 11c), the size of a former islet is
reconstructed by redrawing topographic lines as more evenly spaced. Thereafter, the same procedure
may be followed to arrive at the bulk volume of the enlarged islet. In this way, the former islet is found
to have started with a bulk volume of 19.25 million cubic meters. Subtracting present-day volume from
the reconstituted volume, the original islet is argued to have lost 5.4 million cubic meters. That amount
is crudely equivalent to 25% of the islet’s former volume due to an imbalance of coastal erosion on its
exposed seaward flank.

It is essential to point out that the dividing line applied in the model (Figure 11a—c) is not a fault
line. However, a hidden fault line now underwater is projected over a distance of 4 km along the outer
coast but also notably parallel to the inland valley fault on the west side of Puerto Escondido (Figure 4).
Separate calculations on the volume of unconsolidated materials in the two barriers is based on the
length of each structure, its average width, and depth. The last is problematic to appraise but, using
an assumed value of 5.5 m, can be no greater than the maximum depth of the lagoon behind. Hence,
the contents entrained in the longer barrier #1 may amount to 42.5 million cubic meters. The shorter
barrier #2 holds no less than 23 million cubic meters of transported pebbles, cobbles, and boulders.
In effect, the barriers that insure the sheltered inner harbor at Puerto Escondido might be removed
and restored many times over based on the volume of solid bedrock deleted by coastal erosion along
an original fault scarp now significantly recessed.
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I one 100 x 100 m square = 10,000 square meters
one 100 x 100 m x 20 m block = 200,000 cubic meters

Figure 11. Progression of stages in geomorphological modeling with respect to the un-named islet
between barriers # and #2; (a) Topography of present day islet with dividing line showing disparity
between the gentler lagoon side and exposed cliff face on the open sea; (b) Erasure of the outer cliff
face; (c) Restoration of past topographic gradient on the seaward face showing a better match with the
sheltered side.

5. Discussion

5.1. Time Constraints on Barrier Origin

Relationships drawn from paleontological and geological evidence place time limitations on the
origin of the two barriers crucial to the maintenance of shelter at Puerto Escondido. Upper Pleistocene
deposits denoted by a shell drape over a sizable area in the hills west of the inner harbor (Figure 4)
confirm that normal seawater circulated to that spot approximately 125,000 years ago during the last
interglacial epoch. Fossil mollusks including species such as the dominant Chione californiensis and
less abundant Turbo fluctuosus that still live in the Gulf of California today [18], are reliably taken as
evidence for intertidal conditions at that locality. Sea level stood approximately 6 m higher compared to
now [16,17], but the present elevation of the shell drape also reflects additional tectonic uplift. Higher
global sea level probably enhanced marine circulation at this spot. Moreover, emplacement of the
Upper Pleistocene deposit must have occurred prior to development of barriers #1 and #2. The fault
traced through the narrow valley from Bahia Juncalito indicates that local uplift boosted the shell
drape to a higher elevation than typically found in coeval shell drapes on 12-m terraces many places
elsewhere along peninsular gulf shores [15]. In fact, the nearest expression of marine terraces cut in
andesite bedrock occurs within sight of Puerto Escondido only 7 km across the Carmen Passage at the
southern end of Isla del Carmen (Figure 12).

No traces of marine terraces are found along the outer shores at Puerto Escondido facing Isla
del Carmen. Given the amount of coastal retreat implicated by the geomorphological model, such
terraces may have existed but were entirely erased by coastal erosion. If true, the earliest development
of barriers #1 and #2 occurred after the end of the Pleistocene in Holocene time. However, the physical
juxtaposition on opposite sides of the Carmen Passage raises the question why marine terraces survived
on neighboring Isla del Carmen but not the outer coast at Puerto Escondido? The answer likely lies in
the principle sources of coastal erosion still taking place in the Gulf of California, today.
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Figure 12. View east from Puerto Escondido across the Carmen Passage showing distinct marine
terraces cut in the southwest side of Isla del Carmen. Motor boat and wake for scale at left, center.

5.2. Energy Sources Affecting Barrier Development

As discussed in our earlier work [1,2], the potential range of dynamic influences capable of shore
erosion in the Gulf of California includes tidal action, long-shore currents related to strong seasonal
winds, alleged tsunamis, and hurricanes. Tidal influence is especially strong in the far northern part of
the gulf, where maximum amplitudes of 12 m are recorded. The tidal range around the central gulf is
far less, approximately 2.75 m [19]. Tides of this magnitude transport coarse sand, but have little or no
effect on rocky shores. South-directed sea swells with an amplitude of 2 m and wavelength of 10 m are
not unusual during episodes of strong winds in the Carmen Passage that play out episodically between
November and May [6,7]. Such prevailing winter winds stimulate long-shore currents that flow parallel
to the gulf shores, or otherwise result in wave refraction around obstructing islands or headlands [20].
The energy generated by such currents is capable of moving pebbles and smaller cobbles.

Sea storms of lesser intensity are expected to shift sand, pebbles, and even cobbles entrained in a
natural barrier. In part, the overall decrease in boulder size from north to south from transect 1a to 1c
and from transect 2a to 2b is related to littoral drift especially during the winter season when a strong
north-south wind is common. It can be argued, however, that only those episodic storms of hurricane
intensity generate sufficient energy to shift large boulders close to a metric ton in weight. During the
Pacific Ocean hurricane season between the months of May and November, between 25 and 30 tropical
depression originate off the southwest coast of mainland Mexico [8], but few diverge from an outward
path to enter the Gulf of California. The incidence of hurricane activity in the gulf region increases
every 6 to 8 years during El Nifio events. Hurricane Odile in September 2014, for example, was filmed
in action as it pounded the rocky coast near the Almeja CBD north of Loreto with waves that impacted
sea cliffs at a height 8 m above normal [2]. Clocking wind speeds of 113 km/hr by the time it reached
that far into the Gulf of California, wind bands rotating counter clockwise were strong enough to
generate wave surge that lashed the coast initially from east to west. As the storm migrated northward,
wind direction and wave surge shifted more to a direction from northeast to southwest. Such a pattern
fits the predicted scenario of rocky-shore erosion and transfer of large boulders to the barrier seawalls
at Puerto Escondido. In particular, oblong blocks of andesite already fallen from the unstable sea cliffs
at Cerro El Chino and the un-named islet between barriers #1 and #2 would be pushed southward and
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eventually entrained in those barriers (Figures 9 and 10). Marine terraces on SW Carmen (Figure 12)
would be sheltered from west-moving storm bands, and therefore avoid excessive erosion.

In theory, a large tsunami with a run-up of several meters would be energetic enough to breach the
barriers protecting Puerto Escondido. In addition, the return outwash of coastal sediments dislodged
during a tsunami should be transported seaward. However, the probability that a tsunami struck
anywhere within the Gulf of California during the Holocene is nil, even though a recent interpretation
of sedimentary deposits by McCloskey et al. (2015) for the lower Gulf of California [21] suggested
a geological framework and seismic mechanisms for its interpretation. In the Alfonso Basin off La
Paz, Gorsline et al. (2000) described only minor discharges from tributary coastal canyons that carried
a high proportion of coarse-grained sand trapped on marine shelves, but blocked from supplying
turbidites at a volume of a basin-wide magnitude [22]. Hence, those sediments reaching the basin floor
probably were produced by seismically generated slope failures of silty clay deposits. The distribution
of the dated turbidites and a slip face in a box core from the landward slope, indicate a source on the
landward depositional slope of the fault-bounded basin. Comparable discontinuities of the same age
also are reported from the east side of the gulf in the Guaymas area farther north [22].

Most earthquakes in the lower Gulf of California are generated by transform faults [23]. Fletcher
and Mungia (2000) indicate that such a level of seismicity falls along different strands in a major
system of normal faults extending at least 300 km along strike to define the western limit of the Gulf
Extensional Province [24]. The dominant normal faults controlled distribution of Neogene basins
active during middle to late Miocene times. Structural analysis of secondary faults in the southern
gulf segment reveals that fault populations are Pliocene to Holocene in age and represented by mixed
normal and dextral-normal faults with a bulk extension direction of west-northwest—east-southeast [25].
From the perspective of regional tectonics summarized above, it is evident that a major earthquake is
not responsible for the presence of turbidites within the Alfonso basin at least during recent times.

Based on the experience of the junior author (J.L.-V.), the extraneous evidence shown by McCloskey
et al. (2015, their Figure 5c) relates to a kitchen midden and not a tsunami deposit. Tsunami events are
well documented outside the Gulf of California far to the south on the Mexican mainland at Jalisco [26],
but such events result from deep-seated earthquakes (magnitude 7.7 or greater) associated with an
active subduction zone where the Rivera lithospheric plate meets the continental mainland.

5.3. Comparisons with Other Coastal Boulder Deposits

Our previous contributions on Holocene boulder accumulations within Mexico’s Gulf of California
conform to the normal definition of coastal boulder deposits, where CBDs occur either at the top of sea
cliffs or next to sea cliffs with well-developed bedrock stratification and jointing that corresponds to the
dimensions of rocks loosened by wave impact. Metric-ton blocks of Pliocene limestone sit atop 12 m
high cliffs on Isla del Carmen (Figure 1b, locality 2) from which they were peeled away [2]. Similar-size
rhyolite boulders at Ensenada Almeja (Figure 1b, locality 3) occur at sea level adjacent to the sea cliffs
from which they were extracted [3]. Elsewhere, major CBDs occur atop sea cliffs in northern France [27]
and western Ireland [28,29]. Mega-boulders left high above sea level but close to the parent bed rock
from which they were eroded also are known from the Bahamas and Bermuda [30,31]. It is debated to
what extent super-waves and hurricanes are responsible for these CBDs, fueling ongoing controversy
over the growing threat of global warming. In the case of giant blocks derived from low limestone
cliffs on Calicoan Island in the Philippines [32], the run-up of waves exceeding 15 m inland is linked
directly to the impact of Super Typhoon Haiyan in November 2013. A related but somewhat different
phenomenon concerns the detachment of large boulders from the seafloor and onshore transferal to
low rocky shores. The recent study by Biolchi et al. (2019) fits this category in relation to movement
of limestone boulders in the northern Adriatic Sea onto the Premantura (Kamenjak) Promontory in
Croatia [33]. In this case, however, the coastline is formed by a low-angle rocky shore that is more like
a ramp in configuration than a sea cliff.
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The barriers that close off the inner harbor at Puerto Escondido are natural breakwaters formed
by a mixture of pebbles, cobbles, and boulders that trace back to single sources of bed rock in exposed
sea cliffs. Those sea cliffs are steeply inclined (50° to 55°) and are unstable. Andesite layers within
the bedrock are tilted at a high angle dipping westward and rock falls leave fresh material at the base
of the cliffs. Essentially, a combination of long-shore currents and storm waves harvest the materials
and carry them southward where they are entrained in the linear barriers. A more appropriate term
for this kind of feature is a barrier boulder deposit (BBD). This term is a good fit with the many bars
formed by andesite cobbles and boulders that close off lagoons on Isla Angel de la Guarda in the upper
Gulf of California—some of which extend for as much as 1.25 km [34]. The aerial photo from Johnson
etal. (2019, their Figure 10) illustrates two such barriers and others in the process of extension from the
nearest bedrock source [2]. Granite is another major rock type from which rocky shores are formed in
the Gulf of California. Eroded granite boulders at Bahia San Antonio (Figure 1, locality 4) are encrusted
by Upper Pleistocene fossils representing an intertidal biota preserved in growth position [35]. Close
to granite bedrock at Punta San Antonio, the scenario corresponds well with the BBD concept. The
potential for development of a BBD appears to be less dependent on rock type than climatic patterns
that bring longshore currents and wave impact from a recurrent and propitious direction.

6. Conclusions

A multifaceted approach to our study of the natural harbor at Puerto Escondido and its
development over time involved aspects of geology, geomorphology, paleontology, and sedimentology,
leading to the following conclusions:

e During the last interglacial epoch near the close of Pleistocene time 125,000 years ago, the inner
shores at Puerto Escondido were exposed to normal sea water that resulted in a substantial shell
deposit dominated by a few marine invertebrates with a preference for intertidal conditions. By
comparison, the present-day lagoon at the center of the inner harbor is far more restricted in its
marine ecology. Therefore, the hills around the outer margin must have had gaps that permitted
sufficient marine circulation to generate the Pleistocene shell deposit.

e  The exaggerated topographic asymmetry expressed today by hills on the outer shores of Puerto
Escondido was likely initiated through the coastal erosion along a major fault scarp shortly after
the Late Pleistocene, but ongoing erosion during the Holocene provided more than enough raw
materials to construct two natural barriers that closed off the large inner harbor. A parallel fault
trace through the inner hills on the west side of the harbor accounts for post-depositional uplift of
the Pleistocene shell beds.

e  Shallow earthquakes are a common occurrence throughout the Gulf of California, but no credible
evidence exists that tsunamis ever played a role in the geomorphology of coastal or basin
sedimentology. Longshore currents related to strong seasonal winds are an important factor in the
gulf’s pattern of marine circulation and shore erosion on an annual basis. More common during
El Nifio years, hurricanes are the leading cause of rocky-shore erosion and development of coastal
boulder deposits. Local production of boulders approaching a metric ton in weight can only be
explained by sea surge stimulated by hurricane-force winds.

e  Comparisons with other boulder deposits in the Gulf of California suggest that a named
sub-category is appropriate to describe barriers or bars where large boulders are entrained
in linear structures linked at one or both ends to sea cliffs. More often, a coastal boulder deposit
(CBD) refers to extra-large clasts at the top of or at the immediate side of sea cliffs where natural
jointing controls the initial size and shape of eroded materials. Herewith, we propose the term
boulder barrier deposit (BBD) for geomorphic features that appear to be especially widespread
around the Gulf of California. Future contributions are invited to explore the extent to which such
features are well developed elsewhere around the world.
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Abstract: This project examines the role of hurricane-strength events likely to have exceeded
119 km/h in wind speed that entered the Gulf of California from the open Pacific Ocean during Late
Pleistocene and Holocene times to impact the granodiorite shoreline on Isla San Diego. Conglomerate
dominated by large, ellipsoidal to subspherical boulders at the islands south end were canvassed
at six stations. A total of 200 individual cobbles and boulders were systematically measured in
three dimensions, providing the database for analyses of variations in clast shape and size. The
project’s goal was to apply mathematical equations elaborated after Nott (2003) with subsequent
refinements to estimate individual wave heights necessary to lift igneous blocks from the joint-bound
and exfoliated coast on Isla San Diego. On average, wave heights on the order of 3 m are calculated as
having impacted the Late Pleistocene rocky coastline on Isla San Diego during storms, although the
largest boulders more than a meter in diameter are estimated to weigh two metric tons and would
have required waves in excess of 10 m for extraction. Described for the first time, a fossil marine biota
associated with the boulder beds confirms a littoral-to-very-shallow water setting correlated with
Marine Isotope Substage 5e approximately 125,000 years ago. A narrow submarine ridge consisting,
in part, of loose cobbles and boulders extends for 1.4 km to the southwest from the island’s tip,
suggesting that Holocene storms continued to transport rock debris removed from the shore. The
historical record of events registered on the Saffir-Simpson Hurricane Wind Scale in the Gulf of
California suggests that major storms with the same intensity struck the island in earlier times.

Keywords: coastal erosion; storm surge; hydrodynamic equations; Marine Isotope Substage 5e; Gulf
of California

1. Introduction

Oriented northeast to southwest between mainland Mexico and the Baja California
Peninsula, 40 named islands in the Gulf of California spread out over a sea surface of
160,000 km?. These gulf islands range between 1224 km? and 22 ha in size [1]. Island
development postdates the opening of the gulf to the Pacific Ocean by rifting from the
mainland more than 5 million years ago and many formed as fault blocks influenced
by regional tectonics. Most are composed of Miocene volcanic flows or from intrusive
igneous rocks of yet older Cretaceous origin. Of the 40 islands, 8 islands fall into the
category dominated by granite or closely related granodiorite, and this study looks at
one of the smallest in the lower Gulf of California called Isla San Diego with an area
of 60 ha [1]. Survey work conducted through satellite imagery shows that rocky shores
account for nearly half the gulf’s peninsular coastline including related islands [2]. At
slightly more than 23%, andesite dominates the region’s total shores, followed by granite
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or granodiorite at 9%, and limestone at 7.5%, while rock types including other igneous
rocks or metamorphic rocks are less well represented.

This contribution belongs to a series of papers focused on the erosion of coastal
boulder beds from their parent rocks within the Gulf of California. Upper Pleistocene and
Holocene deposits formed by boulders are commonly found along the peninsular shores
of Baja California and around the gulf islands but most studies in coastal geomorphology
seldom compare the results of rock density on an interregional basis as related to different
parent rock types. The application of mathematical formulae to estimate storm wave height
was applied previously to coastal boulder deposits throughout the Gulf of California,
including those formed by limestone, rhyolite, and andesite clasts [3—6]. Extension of this
program now includes the Pleistocene boulder beds eroded from the granodiorite coast
of Isla San Diego, applying the same methodology of systematic size measurements to
calculate volume and weight based on rock density preliminary to the estimation of wave
heights derived from competing equations. The study also newly describes marine fossils
preserved within the Pleistocene conglomerate of Isla San Diego that date the deposits
with reasonable accuracy. Finally, development during the Holocene time of a long marine
ridge off the southwestern tip of the island brings into consideration the ongoing influence
of hurricanes capable of moving large boulders in a shallow, subtidal setting.

Aside from the limited statistics available on the size, geologic origins, and coastal
composition of islands in the Gulf of California [1,2], barely any literature exists on the geol-
ogy and geomorphology of Isla San Diego except for an early nineteenth-century appraisal
that includes the only previous description of the submarine ridge off the island’s southern-
most end [7]. Attention to the phenomenon of coastal mega boulders and their relationship
to major storms or tsunami events is a topic of growing interest [8—11]. Especially in the
context of rock density, the data from Isla San Diego provide further insight on comparison
of storm beds of Pleistocene and Holocene origins throughout the gulf region [3-6] with
oceanic basalt in the Azores and Canary Islands of the North Atlantic [12,13], as well as
rare mantel rocks from storm beds in coastal Norway on the Norwegian Sea [14].

2. Geographical and Geological Setting

Stretching for more than 1000 km in length (Figure 1a), the Gulf of California is a
marginal sea seated over a tectonically active zone that entails spreading centers offset
by a succession of transform faults [15]. The central spine of the adjacent Baja California
Peninsula is formed by granodiorite, broadly dated to a Cretaceous origin between 97 and
90 million years ago [16]. Upfaulted granodiorite basement occurs on the Baja California
Peninsula at Punta San Antonio north of Loreto, on Isla Catalina east of Loreto, as well
as Isla Santa Cruz and Isla San Diego (Figure 1a). Peninsular and island development
including those areas with granodiorite resulted from Miocene extensional rifting that
began prior to flooding 13 million years ago and lasted for 9.5 million years when a change
in dynamics initiated transform faults connected with the San Andreas Fault on the US
side of the border [1,2,15]. A detachment zone was activated approximately 3.5 million
years ago that resulted in half-graben structures separating the islands from the rest of the
Baja California Peninsula. The detachment zone that extends from Punta San Antonio to
Isla San Diego (Figure 1a) is identified as the Comondu Detachment.

66



J. Mar. Sci. Eng. 2021, 9, 555

118°1I‘l'4SW ”01042‘\”
=== UNITED STATES Gulf of
* California

N

\ Isla
35 San Diego

-25°12'N

Tropic of Cancer
(23°26'N)

Pacific Ocean .

Mexico City L Scale

Cuixmal

| —
a o 300 600km Acapulco

Figure 1. Mexico’s Baja California Peninsula and Isla San Diego: (a) map showing the boundary between the United
States and Mexico as well as the boundary between the northern and southern states of Baja California and Baja California
Sur (dashed lines), together with towns on the Baja California Peninsula and key spots or islands including Angel de la
Guarda (AG), Punta San Antonio (PA), Carmen (Ca), Santa Catalina (SC), Cerralvo (Ce) and San Diego (box with asterisk);
(b) enlarged map of Isla San Diego in the lower Gulf of California, showing the location of Stations 1 to 6 where cobbles and
boulders of eroded granodiorite were measured for this study.

Isla San Diego is at the southeast end of the detachment zone 20 km or 11 nautical
miles due east of the closest access point on the Baja California Peninsula. The main
north-south highway is too distant from the peninsula’s eastern shore to make boat
access to the island convenient. Compared to other islands farther to the northwest or
southeast, the relative isolation of Isla San Diego meant that it received little attention
from geographers and geologists. No formal topographic map by the Federal Mexican
government exists for Isla San Diego and its dimensions and topography were appraised
by satellite imagery [2]. The island is elongated in shape, approximately 1.5 km in length
and 0.43 km in width with northeast to southwest orientation (Figure 1b). The maximum
elevation is more than 160 m above mean sea level, as attained to the north, but the island’s
central ridgeline tapers gradually downward to the shore at the southwest end.

The island core is composed entirely of granodiorite and the conglomerate beds
eroded from these basement rocks occur exclusively at the southwestern end. A prominent
submarine ridge extends from the tip of the island [7], where large boulders of loosely
piled granodiorite are close to the surface (Figure 2a). Granodiorite sea cliffs are well
exposed along the east shore for more than 400 m from the southwest tip of the island to
the northeast, where a series of closely spaced grottos are eroded as a result of spheroidal
weathering between joints in the rock (Figure 2b). Additional weathering along both flanks
of the island is the result of sheeted exfoliation typical of granitoid rocks.

The greater part of Mexico’s Natural Protected Areas (Areas Naturales Protegida) is
taken up by the Gulf of California Biosphere Reserve protecting all islands in the Gulf of
California, which accounts for roughly 19% of the nation’s total conservation reserves [17].
Therefore, Isla San Diego is protected under conservation guidelines due to its biodiversity
and ecological characteristics. All materials and fossils identified in this study were left in
place on Isla San Diego.
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Figure 2. South end of Isla San Diego (lower Gulf of California: (a) view showing part of the shallow-
water ridge composed of loose cobbles and boulders of eroded granodiorite oriented S 55° W off the
island; (b) southwest end of the island showing small sea caves eroded in granodiorite basement
rocks overlain by Pleistocene conglomerate.

3. Materials and Methods
3.1. Data Collection

The raw data for this study were collected in March 2021 from deposits composed
exclusively of granodiorite cobbles and boulders consolidated by a thin limestone matrix.
Individual clasts from six stations were measured manually to the nearest half centimeter
in three dimensions perpendicular to one another (long, intermediate, and short axes).
Differentiated from cobbles, the base definition for a boulder adapted in this exercise was
that of Wentworth [18] for an erosional clast equal or greater than 25.6 cm in diameter.
Triangular plots were employed to show variations in clast shape, following the design of
Sneed and Folk [19] for river pebbles. In the field, all measured clasts were characterized
as subrounded, and a smoothing factor of 20% was applied uniformity to adjust for the
estimated volume calculated by the simple multiplication of length from the three axes.
Comparative data on maximum cobble and boulder dimensions were fitted to bar graphs
to show size variations in the long and intermediate axes from one sample to the next. The
rock density from a granodiorite sample yielded a value of 2.52 g/cm?.

3.2. Hydraulic Model

Granodiorite is the typical intrusive magmatic rock characteristic of several islands
in the Gulf of California. Herein, two formulas were applied to estimate the size of storm
waves against joint-bound blocks. Equation (1) derives from the work of Nott [20] and
Equation (2) is modified from an alternative approach using the velocity equations of
Nandasena et al. [21] applied to storm deposits by Pepe et al. [22].

(Ps‘(’w)a
Hg— N P/

¢ M
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where Hs = height of the storm wave at breaking point; ps = density of the boulder (tons/m3
org/ cm’ ); Pw = density of water at 1.02 g/mL; a = length of the boulder on long axis in cm;
0 is the angle of the bed slope at the pretransport location (1° for joint-bounded boulders);
U is the coefficient of static friction (=0.7); and C is the lift coefficient (=0.178). Equation (1)
is more sensitive to the length of a boulder on the long axis, whereas Equation (2) is more
sensitive to the length of a boulder on the short axis. Therefore, some differences are
expected in the estimates of Hs.

4. Results
4.1. Base Map and Sample Stations

Isla San Diego is among the smallest named islands formed by granodiorite in the
Gulf of California [1]. Its size was conducive to a close coastal survey by kayak that allowed
for the location and appraisal of conglomerate beds on the island’s periphery. Six sampling
stations were chosen from the conglomerate outcrops found only around the southwestern
end of the island (Figure 1b). Between 30 and 35 individual clasts were measured within a
meter’s radius from a position above the source basement rock. Co-ordinates are listed in
Appendix A (Tables A1-A6) for each station recorded by a hand-held device for tracking
by the satellite-based global positioning system (GPS). Sample Stations 1 and 2 (Figure 3a)
are located on the east shore 375 m and 350 m north of the island’s tip, respectively, where
the conglomerate sits directly above a bench of granodiorite approximately 1.5 m above
mean sea level. Station 3 is located at the extreme southwestern tip of the island (Figure 3b),
where crude layering in the conglomerate shows a 30° inclination to the northwest. Three
additional stations were established on the west shore (Figure 1b), where the contact is
concealed by talus. Clasts measured at those stations also were limited to a 2 m radius at
points near the bottom of the conglomerate bed but included some samples from the talus
showing evidence of carbonate cement formerly binding the conglomerate. Clean clasts
from the intertidal zone on that side of the island are reworked by coastal currents and
were excluded.

Figure 3. Sample stations on the southeast side and southern tip of Isla San Diego: (a) sample Stations 1 and 2 occur at 375
m and 350 m north of the island’s southern tip (red circles are 2 m in diameter); (b) sample Station 3 is located at the far
southwestern tip of Isla San Diego (red oval is 0.5 m wide).

4.2. Comparative Variation in Clast Shapes

Raw data on clast size in three dimensions collected from each of the six sampling
stations are recorded in Appendix A (Tables A1-A6). With regard to shape, points rep-
resenting individual cobbles and boulders were fitted to a set of Sneed-Folk triangular
diagrams (Figure 4a—f). The slope of points is in general agreement among the six plots,
following a uniformly diagonal trend from the middle of the second tier to the lower
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right-hand rhomboid. Erosional wear on a perfect cube at all four corners results in a clast
with equal values in three dimensions that will plot at the apex of the small triangle in the
topmost tier. Variations that reflect slightly smaller values for the intermediate and short
axis will shift the location more toward the center of that space. Only one or two clasts fall
into this field, which indicates that vertical joints and horizontal fractures in the parent
granodiorite are not evenly spaced in an orderly three-dimensional grid. Any point that
falls into the center of the rhomboid on the right-hand end of the lower tier represents an
individual clast with a long axis twice the length of the intermediate axis perpendicular to
it, which, in turn, measures five times the length of the short axis perpendicular to the other
two. The form of such a clast is initially bar-shaped but becomes more spindle-shaped as
the sharp edges at the corners are worn away by abrasion.
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Figure 4. Set of triangular Sneed-Folk diagrams used to appraise variations in cobble and boulder
shapes sampled along the Upper Pleistocene paleoshore on Isla San Diego in the lower Gulf of
California ((a—f), Stations 1-6).
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The greatest number of points from each of the six samples falls within the third tier
from the top but on opposite sides of the line separating the right side of the diagram from
the center. A particular clast with dimensions in which the intermediate and short axis
are close in value, but roughly half that of the long axis will fall squarely onto the midline
between the two rhomboids at the center of the diagram. As the third dimension (shortest
axis) decreases in length, the point will shift in position across the line to the right and lower
downward in position. Overall, the comparative results of shape analysis indicate that most
of the cobbles and boulders in the Pleistocene conglomerate are elongated in shape but as
relatively fat spindles with an ellipsoidal outline. It is important to distinguish overall size
from shape. That is to say, a smaller cobble with the same ratio of measurements between
long, intermediate, and short axes will plot exactly the same as a larger boulder with the
same ratios. Although clasts were chosen at random, a reasonably large population of clasts
within a limited search radius at any one station assures that the sample is representative.
In this case, the absence of more perfectly spherical clasts, and the dominant trend toward
thickened spindles is evident.

4.3. Comparative Variation in Clast Sizes

Drawn from original data (Tables A1-A6), clast size is treated separately to best effect
on bar graphs as a function of frequency against maximum and intermediate lengths of
the two longest axes perpendicular to one another. The first set of six graphs so plotted
(Figure 5a—f) exhibit trends in the maximum dimension for clast length sorted by intervals
of 15 cm in which the boundary between cobbles and boulders is marked within the range
for clasts between 16 and 30 cm in diameter. The pattern is compared with another six
graphs (Figure 6a—f) based on measurements for the length of the intermediate axis in the
same 200 clasts.
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Figure 5. Set of bar graphs used to contrast variations in the maximum size of clast axes from six samples at Isla San Diego
in the lower Gulf of California: (a) bar graphs from Station 1; (b) bar graphs from Station 2; (c) bar graphs from Station 3;
(d) bar graphs from Station 4; (e) bar graphs from Station 5; (f) bar graphs from Station 6. Dashed line (offset to represent
26.6 mm) marks the boundary between large cobbles and small boulders.
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Based on four of the six graphs (Figure 5a,d-f) representing maximum axial length,
it is shown that boulders outnumber the smaller cobbles at rations between 3:1 and
3:2. The opposite is indicated by two of the graphs (Figure 5b,c) in which the smaller
cobbles outnumber the larger boulders at ratios 2:1 or less. Based on two of the six
graphs (Figure 6b,c) representing the intermediate axial length for the same 200 clasts, it
may be argued that cobbles outnumber the larger boulders in only two of the graphs
(Figure 6b,c), whereas cobbles are slightly outnumbered by boulders in two graphs
(Figure 6a,d) and occur at parity in two others (Figure 6a,f). Overall, comparative data
between maximum length and intermediate axial length confirm the results on clast shape
(Figure 4), showing the dominance of ellipsoidal boulder shapes.

22
a 22
- 25.6cm b | 256cm
18 | 18 |
o STATION 1 STATION 2
g | g :
14— (n=30) 2944 | (n=35)
L7 L
g 7 g
10— | 10—
6 — 6 —
2 24
N P e A P \Qc) N & o P & A P
s o 4,\ o ',o\ /Sb 5 \Q«o \'\'\‘ A’ \b. N b.(o 6‘. Ao
Clast intermediate axis (cm) Clast intermediate axis (cm)
| !
14 14
C STATION 3 d STATION 4
n= n=
10 (n=35) | (n=35)
> >
v v
=4 c
@ 6 T 6
o o
o o
w w
2 2
NI T TR I N N I S -
N N e A & \"D' N7 O AN T T A0
Clast intermediate axis (cm) Clast intermediate axis (cm)
e
14 | stations  f 1 | STATION 6
(n=35) (n=30)
10 10
> >
v v
g6 Se
o o
< o
o 2 o 5
P R TR P U S R 2 LS P e e P
R T SRR R A
Clast intermiedate axis (cm) Clast intermediate axis (cm)

Figure 6. Set of bar graphs used to contrast variations in the intermediate size of clast axes from six samples at Isla San
Diego in the lower Gulf of California: (a) bar graphs from Station 1; (b) bar graphs from Station 2; (c) bar graphs from
Station 3; (d) bar graphs from Station 4; (e) bar graphs from Station 5; (f) bar graphs from Station 6. Dashed line (offset to
represent 26.6 mm) marks the boundary between large cobbles and small boulders.
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4.4. Clast Imbrication

Clast orientation or imbrication within the boulder deposit on Isla San Diego varies
according to outcrop exposure, as observed on two vertical planes that intersect perpen-
dicular to one another. One is parallel to the island’s long axis along the eastern shore
(Figures 2b and 3a). The other crosses through the island’s southern tip (Figure 3b). Both
show direct contact of eroded boulders with underlying granodiorite basement rocks where
the conglomerate attains a maximum elevation of 8 m above sea level. The unconformity
surface traced parallel to the island’s axis is flat lying with a slight gain in elevation rising
to the northeast. In this view (Figure 2b), a change in clast size from boulders to large
cobbles begins above a reactivation surface that follows a minor indentation in the cliffs
obscured by shadows. Shape analyses indicate that a preponderance of clasts from the
basal part of the deposit are ellipsoidal or roughly fusiform in shape (Figure 4), but a
small amount of imbrication is detected only below the reactivation surface (Figure 2b).
The unconformity surface exposed in the plane crossing the tip of the island (Figure 3b)
is more irregular with a dip or swale in the center, but crude layering in the overlying
boulder deposit is increasingly inclined with distance above the unconformity. Based on
photographic evidence supplemental to Figure 3b, evidence for imbrication is detected in
the upper part of the deposit (Figure 7), where this is shown by transfer of outline tracings
(Figure 7a,b) and isolated for clearer viewing (Figure 7c). Due to the partial collapse of
clasts at the island’s tip, relationships among those in the basal part of the deposit are less
clear. However, the orientation of clasts from the upper part of the deposit (Figure 7c)
reveals a pattern of imbrication from northeast to southwest.

Figure 7. Photographic evidence for clast imbrication: (a) view overlooking sample Station 3 at the southern tip of Isla San
Diego; (b) upper part of the conglomerate deposit at the same locality, tracing the outline of boulders; (c¢) drawing of the

tracing isolated for clarity.

4.5. Fossil Fauna with Inferences on Age and Water Depth

A mixed fauna of three fossil corals, four bivalves, a single gastropod, and a coral-
boring barnacle is preserved among the granodiorite cobbles and boulders on Isla San
Diego (Table 1). None of the fossils occur as encrustations attached to individual cobbles or
boulders. With possible exceptions among certain bivalves, they qualify as organic clasts
that became secondarily incorporated within the conglomerate.
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Table 1. Summary list of marine invertebrate fossils from the Upper Pleistocene boulder beds on Isla
San Diego correlated with Marine Isotope Substage 5e.

Phylum Class Species Phylum Class Species
Coelenterata ~ Anthozoa Porites panamensis Mollusca Bivalvia Codakia distinguenda
Pocillopora elegans Lyropecten subnodosus
Povona gigantea Ostrea sp.
Spondylus calcifer
Gastropoda Turbo fluctuosus
Arthropoda Cirripedia Hexacreusia durhami

Representative fossils are illustrated by field photos (Figure 8). Two kinds of corals are
illustrated: Porites panamensis (Figure 8a) and Pocillopora elegans (Figure 8b), respectively.
Articulated bivalves are rarely found as fossils within the boulder beds, with the exception
of Codakia distinguenda (Figure 8c), which may have grown in place in cavities among
boulders after their deposition. Very thick but heavily eroded shell fragments belonging to
a species of oyster (Figure 8d) indicate that shell fragmentation normally occurred prior
to burial in the conglomerate. The large and heavily calcified shell of Spondylus calcifer
(Figure 8e) is preserved intact but disarticulated. The large pecten Lyropecten subnodosus
(Figure 8f) is likewise disarticulated and also broken. The only trace found of fossil
gastropods is the distinctive operculum belonging to Turbo fluctuosus. Of ecological note,
one of the Porites fossils observed in the boulder deposit at Station 4 (Figure 7a) is host to
the boring barnacle Hesareusia durhami (Figure 8g). The same relationship between coral
host and barnacle is known from the Pleistocene reef complex preserved intact on Isla
Cerralvo [23].

Figure 8. Upper Pleistocene fossils from the granodiorite conglomerate at Isla San Diego: (a) filling among boulders that
includes the coral Porites panamensis (ruler for scale); (b) broken branch from the coral Pocillopora elegans (approximately
3 cm in diameter); (c) articulated bivalve (Codakia distinguenda) with ruler for scale; (d) fragment of a thick-shelled oyster
(pen tip for scale;) (e) inside surface of a disarticulated valve belonging to Spondylus calcifer (approximately 7 cm in width);
(f) broken shell belonging to the species Lyropecten subnodosus (ruler for scale); (g) detail from Figure 7a showing the surface
opening of the barnacle Hexacreusia durhami (approximately 3 mm in diameter).
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Fossil mollusks from the Gulf of California occupy a wide range of geological ages
through the Pliocene and Pleistocene, but the corals are more nuanced. In a detailed
survey of localities throughout Baja California and associated gulf islands [24], 35 out of
47 collection sites include the species Porities panamensis, most of which are dated as Late
Pleistocene in age. Pocillopira elegans is reported previously from only a single locality,
dated as Late Pleistocene [24]. A definitive age determination requires radiometric testing
for lead isotopes not within the scope of this paper. Uncertain assignments of P. panamensis
to a mid-Pleistocene age and older Pliocene times are limited to marine terraces or other
inland localities well elevated by tectonic uplift above present-day sea level. The absence
of marine terraces on Isla San Diego supports a Late Pleistocene age for the fossil fauna.
Alone, the fossil corals denote shallow-water conditions, but the related fossil mollusks
add additional support of an intertidal to the shallow subtidal origin of the mixed fauna
that lived nearby.

Global sea level during the last Pleistocene interglacial period (Marine Isotope Sub-
stage 5e) was at its highest, calculated to have stood between 4 m and 6 m higher than
today on the basis of changes in oxygen isotopes of planktonic foraminifera and other
criteria [25,26]. In that case, the granodiorite rocks at the south end of Isla San Diego
presently exposed above sea level would have been submerged and development of the
overlying boulder deposit would have occurred in very shallow water, where an infusion
of a thin limestone binding matrix insured stabilization.

4.6. Storm Intensity as Function of Estimated Wave Height

Clast sizes and maximum boulder volumes drawn from the six sample stations are
summarized in Table 2, allowing for direct comparison of average values for all clasts, as
well as values for the largest clasts in each sample based on Equations (1) and (2) derived
from the work of Nott [20] and Pepe et al. [22].

Table 2. Summary data from Appendix A (Tables A1-A6) showing maximum bolder size and estimated weight com-
pared to the average values for sampled boulders from each of the transects together with calculated values for wave
heights estimated as necessary for boulder-beach mobility. Abbreviations: EAWH = estimated average wave height,
EMWH = estimated maximum wave height.

Average Average EAWH Max. Max. EMWH EMWH
San Diego Number of Boulder Boulder EAWH (m) (m) Boulder Boulder (m) (m)
Station Samples Volume Weight Nott [20] Pepe et al. Volume Weight Nott [20] Pepe et al.
(ecm®) (kg) [22] (cm?) (kg) [22]
1 30 89,079 224 3.2 3.0 780,800 1968 10.6 114
2 35 7763 33.8 19 19 84,816 214 5.1 7.1
3 35 29,884 75.7 2.8 2.8 299,850 756 10.4 9.3
4 35 39,007 98 3.7 34 263,516 664 9.3 9.9
5 35 33,456 83.4 3.6 3.3 157,303 396 8.3 8.0
6 30 33,688 85 3.2 29 93,960 238 6.2 5.0
Average 33.33 66,536 100 3.1 29 280,041 706 8.0 8.5

The Nott formula [20], provided in Equation (1), yields an average wave height of
3.1 m for the extraction of joint-bound blocks from granodiorite sea cliffs exposed at Isla San
Diego, as tabulated for sample stations 1 to 6. A much larger value for a wave height of 8.0
m is calculated from the average of the largest single blocks of granodiorite recorded from
the six stations based on the application of the same equation. The more sensitive to clast
length from the short axis, the more sophisticated Equation (2) applied by Pepe et al. [22]
yields values that are slightly lower for the estimated average wave height with a difference
of 30 cm. On the other hand, the application of Equation (2) yields a higher value by a half
meter for the average of the largest boulders, compared to that of Equation (1). Notably,
the value for the maximum wave height for the six largest boulders based on Equation (1)
is 2.5 times higher than the computed average for all 200 clasts. The difference is nearly
3.0 times greater comparing the maximum wave height for the same six boulders with
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the computed average for all 200 clasts based on Equation (2). Clearly, the pressure of
extreme wave impact against the shore is necessary to loosen and dislodge the largest
joint-bound blocks of granodiorite preserved in the Pleistocene cliff line on Isla San Diego,
as characterized by the enormous block at Station 1 estimated to weigh nearly two metric
tons (Table 1, Table A1)

4.7. Holocene Ridge Offshore Isla San Diego

A distinct feature in the geomorphology of Isla San Diego is the pointed beach at
the island’s southwestern tip that extends offshore along an underwater ridge (Figure 9).
Aerial photos reveal shallow, aquamarine waters above the ridge, indicating its extension
for a distance of 1.4 km on a compass heading of 224 degrees (S 55° W). Exploration by
kayak over the first 250 m offshore confirms that the ridge is formed by loose cobbles and
large boulders. Observed at different times under different sea conditions, it is notable that
the smaller clasts shift in location, whereas the large boulders remain fixed on the ridge.
How far and to what depth the boulder train extends before changing to gravel and sand
toward the distal end is unknown.

Figure 9. View in the shadow of cliff-forming granodiorite boulders at the tip of Isla San Diego looking to the southwest
across the beach and major extension of a submarine ridge composed of loose cobbles and boulders (see also Figure 2a

viewed from the opposite direction).

5. Discussion
5.1. Inclined Boulder Beds and Imbrication Pattern as Mitigating Factors

Conglomerate beds at the southern terminus of Isla San Diego (Figure 3b) suggest
crude layering with a 30° dip to the northwest. The contact with underlying granodiorite
makes it difficult to know for certain if the entire island has been tilted due to tectonics or
if the fracture pattern in the granodiorite conforms to a pattern with horizontal fractures at
right angles to vertical joints, as implied by the small sea caves or grottos eroded under
present-day conditions along the island’s eastern shore. The more complicated Equation (2)
applied to storm deposits by Pepe et al. [22] requires input on the slope value of the
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granodiorite bench under attack by storm waves. Introduction of the 30° angle observed in
the crude layering of the conglomerate generates negative wave height values. As shown
in the original fieldwork by Peppe et al. [22], the inclination of platform rocks is very small
(less than 2.5°) on which blocks are potentially subject to plucking by storm waves. In the
case of previous work on andesite rocky shores from Isla San Luis Gonzaga in the Gulf
of California [6] and basalt rocky shores from Gran Canaria in the Canary Islands [11],
it is assumed that the angle of bed slope is only 1° at the pretransport location for joint
bound blocks. Herein, the same assumption is made for the granodiorite on the eastern
flank of Isla San Diego, which yields results from the application of Equation (2) based on
Pepe et al. [22] that are similar to the wave heights obtained by application of Equation (1)
following the work of Nott [20], as summarized in Table 1.

In this case, the 30° angle of repose observed in the upper part of the conglomerate is
interpreted as the slope acquired by the superimposed deposit spilling over a rocky ridge in
shallow water and not related to an earlier structural tilting of the island. The conglomerate
layers may be interpreted as the result of overwash at the southern end of the island by
storm waves. Today, the maximum elevation between Stations 2 and 6 on opposite shores
is 8 m at the top of the conglomerate (Figure 1b). During the Late Pleistocene time (Marine
Isotope Substage 5e), the bedrock spur at the island’s south end was easily vulnerable to
impact by exceptionally large waves. Although limited in scope, the available evidence for
clast imbrication within the Isla San Diego conglomerate is consistent with the arrival of
wind-driven waves from the northeast or east related to the shifting northward passage of
a hurricane. In further consideration of the tilted layering in its upper part, a geometric
solution for the true thickness of the deposit perpendicular to the dip angle amounts to
about 4 m with the reactivation surface located roughly in the middle. The implication of
the reactivation surface is that a second phase took place in storm energy, or that a separate
storm event occurred sometime after the passage of the first event.

5.2. Significance of the Fossil Fauna from Isla San Diego

A strong latitudinal bias is reported in a comprehensive survey of the stony corals
now living in the Gulf of California with 38 species occurring in the southern (or lower)
part of the gulf, out of which only 16 have an extended range into the northern (or upper)
part of the gulf [27]. In contrast, only three stony corals are limited to the upper Gulf of
California with no representatives in the lower gulf. The disparity in today’s geographic
distribution is strongly related to the north-south temperature gradient. Pleistocene coral
reefs are well preserved at several locations throughout the Gulf of California as far north
as latitude 28° (Figure 1). The species Porites panamensis is ubiquitous in Upper Pleistocene
coral reefs throughout the peninsular shores and gulf islands of Baja California Sur [24],
and this coral species is the primary component. For example, P. panamensis is the principal
component of Upper Pleistocene reefs on Isla Cerralvo [23], located 120 km farther to the
southeast from Isla San Diego in the lower Gulf of California (Figure 1a). The north-south
distance between the two islands is a full degree of latitude. In addition to P. panamensis
(Figure 7a), the occurrence of Pocillopora elegans (Figure 7b), together with Pavona gigantea
(Figure 7c), suggests all three were part of a former reef community that no longer persists
around the island.

5.3. Maine Circulation and Recent Hurricanes in the Region of Isla San Diego

On an annual basis from November to May, strong winds capable of generating
large-scale wave trains travel from north to south over the entire length of the Gulf of
California, but lighter winds typically blow in the opposite direction under the influence
of a semi-monsoonal pattern of atmospheric circulation during the spring and summer
times [28]. Winds out of the north set up long-shore currents that may be responsible for
delivering granodiorite gravel and perhaps even some cobbles from the flanks of Isla San
Diego to the linked underwater ridge. In contrast, the lighter southerly winds probably are
cable of shifting only pebbles.
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The threat of hurricanes affecting the lower Gulf of California is reviewed in prior
studies on storm deposits at Ensenada Almeja north of Loreto [4], Arroyo Blanco on Isla
del Carmen west of Loreto [3] Puerto Escondido south of Loreto [5], and especially on Isla
Cerralvo east of La Paz [23] (see Figure 1a for geographic relationships). Between September
1996 and September 2019, six named hurricanes (Fausto, Marty, Ignacio, John, Odile, and
Lorena) entered the Gulf of California after originating farther south off the mainland coast
of Mexico around Acapulco (Figure 1a). Storm rotation is counter-clockwise and as winds
intensify during the northward passage, the greatest impact is expected to come from
wind-driven waves pushing east to west out of the storm’s northeast quarter. Eye-witness
accounts of coastal wave surge during hurricane events in the Gulf of California are not
common, but the published account of the Holocene storm beds at Ensenada Almeja
includes a video clip of the 9 m storm surge against the rocky shore on nearby Ensenada
San Basilio during Hurricane Odile [4]. Storm waves pushed by winds streaming from
east to west during the passage of the same event farther south at Isla San Diego can be
expected to have caused a surge that topped over the low-lying southern end of the island.

The 2015 hurricane season was unusually active [29], and Hurricane Patricia was a
Category 5 event with wind speeds of 346 km/h that took an unexpected easterly turn
north of Acapulco to strike the village of Cuixmala below the opening to the Gulf of
California (Figure 1a). It remains one of the largest storms recorded in the eastern Pacific
basin and the strongest yet to strike western Mexico. With a diameter of 2400 km, the
storm’s outer wind bands already swept across the tip of the Baja California Peninsula
before the center veered eastward. Had the storm continued onward in its expected track
to the northeast and gained strength from warmer waters in the Gulf of California, major
damage from storm surge was certain to have occurred. Isla San Diego is one of those
remote spots in the lower Gulf of California that would have experienced the full impact of
wave shock against its east-facing shores and likely overwash of eroded materials across
the bedrock at the island’s southern tip.

Research based on the tagging of larger boulders from the conglomerate on Isla San
Diego and its related submarine ridge would be instrumental in documenting the role of
future hurricanes as a source of ongoing erosion. As part of a potentially larger project, the
same monitoring program could be undertaken for the Pleistocene and Holocene storm
deposits at Isla del Carmen [3], Ensenada Almeja [4], Puerto Escondido [5], and Isla San
Luis Gonzaga [6]. The relevance of such a program is underscored by the record-breaking
early start to the eastern Pacific hurricane season with the formation of tropical storm
Andres located 960 km south of the tip of the Baja California Peninsula on 9 May 2021 [30].
The head start of the hurricane season in this part of the world portends the consequences
of increased global warming.

5.4. Comparison with Storm Deposits Elsewhere in the Gulf of California

Variations in density among rock types studied so far from Pleistocene and Holocene
boulder beds around the Gulf of California range from 1.86 g/cm? for limestone, 2.16 g/cm?
for the banded rhyolite, and as much as 2.55 g/ cm?® for andesite based on different locali-
ties [3-6]. Estimates for the average wave height based on the average weight of sampled
boulders taking rock density into account vary between 4.3 m to 5.7 m from locality to
locality. However, when the largest boulders from each of four localities previously studied
are taken into account, wave heights necessary for dislodgment from joint-bound basement
rocks fall between 9.8 and more than 13 m. By comparison, the granodiorite samples from
Isla San Diego register average wave heights rather smaller, between 2.9 and 3.1 m, based
on the average of average estimates from six sample stations. However, the largest single
granodiorite boulder measured on the island is estimated to weigh nearly two metric tons
and to have required a wave height between 10.6 and 11.4 m to achieve dislodgement
(Table 1). In this regard, the maximum wave shock that affected Isla San Diego during
Pleistocene time is not out of the ordinary for the localities studied elsewhere in the Gulf of
California. In terms of future hurricane events certain to strike the lower Gulf of California,
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an interesting prospect would be to tag some of the largest granodiorite boulders on the
shallow ridge extending southwest of the island to see if movement occurs following the
next major storm. Likewise, it could be interesting to tag some of the cobbles at the top of
the crudely layered conglomerate beds currently at an elevation of 8 m to see if the next
major storm creates waves capable of washing over that part of the island.

5.5. Comparison with Storm Deposits Elsewhere in the North Atlantic Ocean

Studies on boulder beds from the Pleistocene of Gran Canaria in the Canary Is-
lands [11] and the Pleistocene and Holocene of Santa Maria Island in the Azores [10], as
well as the Holocene of north Norway [12], follow the same format as those in Mexico’s
the Gulf of California using the triangular plots after Sneed and Folk [16] to appraise
boulder shape and the same equations after Nott [20] and Peppe et al. [22] to estimate wave
heights. Basalt boulders from El Copnfital Beach on Gran Canaria register a rock density of
284¢g/ cm®, whereas those from Santa Maria Island in the Azores were treated as having
an even higher rock density of 3.0 g/cm3. Holocene beach cobbles and boulders on Leka
Island in the subarctic of Norway were assigned an even higher rock density of 3.32 g/cm?
associated with low-grade chromite ore [12]. All these rock densities from island localities
in the North Atlantic Ocean surpass those for limestone, banded rhyolite, and andesite
found at localities in the Gulf of California. Other things being equal in terms of volume,
it requires a larger wave to extract a block of denser material such as basalt from a rocky
shoreline than for material much less dense such as limestone. Based on the average weight
and rock density of all basalt clasts measured from Gran Canaria, wave heights were 4.5 m,
whereas based only on the largest boulders from each sample station, the maximum wave
height was more than twice that value at 11 m. The results for basalt clasts from Santa
Maria Island in the Azores were significantly less in both categories with an average weight
from all sample stations, amounting to 2.6 m, whereas the maximum wave height based
on the single largest boulder from each sample station amounted to 5.1 m. For storm
deposits from Norway’s Leka Island, the average results for cobbles and boulders derived
from chromite ore from three sample stations estimated wave heights between 3.6 and
4.3 m. However, the average wave heights based on the single largest boulders from those
stations yielded values for wave heights between 5.1 and 6.7 m. A comparison with the
North Atlantic data on this basis puts the results from Isla San Diego closest in the range of
values obtained from the Canary Islands. Essentially, storms of hurricane strength reaching
the Gulf of California are no less severe in terms of their erosional effect than those in the
northeastern Atlantic Ocean.

6. Conclusions

Study of the cobble-boulder deposits from Isla San Diego in Mexico’s lower Gulf of
California offers the following insights based on mathematical equations for estimation of
Late Pleistocene wave heights from major storms in the same region:

e Consolidated cobbles and boulders studied from six sample stations with Upper
Pleistocene conglomerate exhibit evidence of high-energy erosion from granodiorite
exposed along the rocky shoreline of Isla San Diego in Mexico’s lower Gulf of Cali-
fornia. Evidence of clast imbrication indicates that a major storm had an impact with
wave surge against the island’s eastern shore;

e  The average estimated volume at 66,536 cm® and the average weight of individual
granodiorite cobbles and boulders at 100 kg from a total of 200 samples suggest that
wave heights of 3 m are responsible for their derivation from the adjacent and joint-
bound body of parent rock. However, the largest igneous boulder from among all
six sample sites is estimated to weigh two metric tons and may have been moved by
a wave of extraordinary height around 10 m. Alternately, smaller waves may have
gradually loosened this block from its parent body until the force of gravity entrained
it within the conglomerate;
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Compared to other localities in the Gulf of California where sea cliffs composed
of igneous rocks such as andesite or banded rhyolite shed Holocene boulders, the
granodiorite from Isla San Diego includes a larger fraction of elongated boulders that
were more bar-like in form when originally loosened from the parent sea cliffs;

At a higher rock density than local limestone or rhyolite at 1.86 g/cm? and 2.16 g/cm?,
respectively, granodiorite at 2.52 g/ cm’ required more wave energy for shore erosion.
However, the difference between the measured rock density of local andesite only
slightly exceeds that for local granodiorite and made little difference;

Fossils recovered from granodiorite conglomerate on Isla San Diego expand the range
distribution of reef-dwelling corals such as Pocillopoora and Povona farther northward
than previously known. Otherwise, fossil representatives among the mollusks are
typical of faunas more widely attributed Marine Isotope Substage 5e throughout the
Gulf of California.
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Appendix A

Table A1l. Quantification of cobble and boulder sizes, volume, and estimated weight from Station 1 near the south end of Isla

San Diego. The density of granite at 2.52 g/cm? is applied uniformly in order to calculate wave height for each boulder on the
basis of competing equations. Abbreviation: EWH = estimated wave height. Coordinates 25.11.7009 N and 110.42.0833 W.

Lm?g Intermediate Sh({rt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o Nott [20] Pepe et al. [22]
Axis (cm) (cm?) to 80% (kg)

(cm) (cm) (m) (m)
1 118 75 31 274,350 219,480 553 9.7 5.8
2 24 20 7 3360 2688 6.8 2.0 1.3
3 79 53 32 133,984 107,187 270 6.5 6.0
4 39 34 21 27,846 22,277 56 32 3.9
5 40 30 28 33,600 26,880 68 3.3 5.2
6 68 53 23 82,892 66,314 167 5.6 43
7 68 43 16 46,784 37,427 94 5.6 3.0
8 120 110 70 924,000 739,200 1863 9.9 13.1
9 65 43 29 81,055 64,844 163 54 54
10 435 32 18 25,056 20,045 51 3.6 3.4
11 32 21 12 8064 6451 16 2.6 22
12 29 26 14.5 10,933 8746 22 24 2.7
13 68 55 23 86,020 68,816 173 5.6 4.3
14 41 34 14 19,516 15,613 39 3.4 2.6
15 64 33 15 31,680 25,344 64 53 2.8
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Table A1. Cont.

Lm?g Intermediate Shc:rt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o Nott [20] Pepe et al. [22]
Axis (cm) (cm?) to 80% (kg)
(cm) (cm) (m) (m)
16 90 67 26 156,780 125,424 316 7.4 49
17 17 14 8 1904 1523 3.8 1.4 1.5
18 31 26 11 8866 7093 17.9 2.6 2.1
19 15 11 2.5 413 330 0.8 1.2 0.5
20 12 12 4.5 648 518 13 1.0 0.8
21 10.5 10.5 3 331 265 0.7 0.9 0.6
22 128 125 61 976,000 780,800 1968 10.6 11.4
23 72 68 67 328,032 262,426 661 59 12.5
24 16 14 3 672 538 14 1.3 0.6
25 50 48 27 64,800 51,840 131 41 5.0
26 18 16 7 2016 1613 4.1 1.5 1.3
27 13 12 4 624 499 13 11 0.7
28 30 16.5 14 6930 5544 14 25 2.6
29 20 12 6 1440 1152 29 1.7 11
30 18 16 6.5 1872 1498 3.8 1.5 1.2
Average 47.96 37.66 20.13 111,349 89,079 224.0 32 3.0

Table A2. Quantification of cobble and boulder sizes and volume with estimated weight from Station 2 near the south end of

Isla San Diego. The density of granite at 2.52 ¢/cm? is applied uniformly in order to calculate wave height for each boulder on
the basis of competing equations. Abbreviation: EWH = estimated wave height. Coordinates 25.11.6713 N and 110.42.1023 W.

Lor.lg Intermediate Sh(?rt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o Nott [20] Pepe et al. [22]
Axis (cm) (cm?) to 80% (kg)

(cm) (cm) (m) (m)
1 23.5 12 12 3384 2707 6.8 1.9 22
2 15 11 9 1485 1188 3 1.2 1.7
3 31 29.5 11 10,060 8048 20 2.6 2.1
4 19 13 7 1729 1383 35 1.6 1.3
5 16 9.5 4.5 684 547 14 1.3 0.8
6 13.5 9 7 851 680 1.7 11 1.3
7 16.5 14.5 8 1798 1438 3.6 1.4 1.5
8 18 14 8 2016 1613 4 1.5 1.5
9 26 21 9 4914 3913 10 2.1 1.7
10 21 10 8 1680 1344 3.4 1.7 1.5
11 34 27 15.5 14,229 11,383 28.7 2.8 29
12 43 32 17 23,392 18,714 476 3.6 32
13 17 10.5 8.5 1517 1214 3.1 1.4 1.6
14 20.5 13 9 2399 1919 4.8 1.7 1.7
15 16 8 3 384 307 0.8 13 0.6
16 34 33 30 33,660 26.928 67.9 2.8 5.6
17 33 31 16 16,368 13,094 33 27 3.0
18 29 24 9 6264 5011 12.6 2.4 1.7
19 40 36 36 51,840 41,472 105 33 6.7
20 62 45 38 106,020 84,816 214 5.1 71
21 59 28 24 39,648 31,714 80 49 45
22 16.5 13 4 858 686 1.7 14 0.7
23 15.5 13 55 1108 887 2.2 1.3 1.0
24 12 11 5 660 528 1.3 1.0 0.9
25 26.5 19 15 7553 6042 15 22 2.8
26 9 8 3 216 173 0.4 0.7 0.6
27 14 12.5 7 1225 980 2.5 1.2 1.3
28 10 9 7 630 504 1.3 0.8 1.3
29 16 9.5 4 608 486 1.2 13 0.7
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Table A2. Cont.

Lm?g Intermediate Shc:rt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o Nott [20] Pepe et al. [22]
Axis (cm) (cm?) to 80% (kg)
(cm) (cm) (m) (m)
30 50 39 12.5 24,375 19,500 49 41 2.3
31 31 19.5 10 6045 4836 12 2.6 1.9
32 28 15 6 2520 2016 5.1 2.3 1.1
33 8.5 55 4 182 150 0.4 0.7 0.7
34 12.5 9 7 788 630 1.6 1.0 13
35 23 19 5 2185 1748 4.4 1.6 0.9
Average 24.5 18.0 11.0 10,665 7763 33.8 1.9 1.9

Table A3. Quantification of cobble and boulder sizes, volume, and estimated weight from Station 3 at the south end of Isla San

Diego. The density of granite at 2.52 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis
of competing equations. Abbreviation: EWH = estimated wave height. Coordinates 25.11.6426 N and 110.42. 2518 W.

Lm?g Intermediate Shqrt Volume Adjust Weight EWH EWH
Sample Axis . Axis 3 o Nott [20] Pepe et al. [22]
Axis (cm) (cm?) to 80% (kg)

(cm) (cm) (m) (m)

1 68 61 30 124,440 99,552 251 5.6 5.6
2 19 12.5 6 1425 1140 29 1.6 1.1
3 20 16 6.5 2080 1664 42 1.7 1.2
4 52 36 26 48,672 38,938 98 43 49
5 18.5 16 6.5 1924 1539 3.9 1.5 1.2
6 63 54 34 115,668 92,534 233 5.2 6.3
7 52 36 26 48,672 38,938 98 43 49
8 61 25 22 33,550 26,840 68 5.0 4.1
9 26.5 20 13 6890 5512 14 22 24
10 32.5 16.5 12 6435 5148 13 2.7 22
11 27 20 10 5400 4320 10.9 22 1.9
12 101 38 375 143,925 115,140 290 8.3 7.0
13 35 33 14.5 16,748 13,398 34 29 27
14 62 45 43.5 121,365 97,092 245 51 8.1
15 51 38 23 44,574 35,659 90 4.2 4.3
16 18.5 13.5 10.5 2622 2098 53 1.5 2.0
17 15 12 10 1800 1440 3.6 1.2 1.9
18 126 59.5 50 374,850 299,850 756 10.4 9.3
19 20.5 19 13 5064 4051 10 1.7 24
20 71 54 28 102,352 85,882 216 59 52
21 49 22 17 18,326 14,661 37 4.0 32
22 17.5 13 6 1365 1092 2.8 1.4 1.1
23 28 27 17 12,852 10,282 26 2.3 3.2
24 10.5 8 5 420 336 0.8 0.9 0.9
25 21 18 12.5 4725 3780 9.5 1.7 2.3
26 12.5 7.5 5.5 516 413 1.0 1.0 1.0
27 13 11.5 8 1196 957 24 1.1 1.5
28 11.5 7 4 322 258 0.7 1.0 0.7
29 16.5 14 8 1848 1478 3.7 1.4 1.5
30 11 6 35 231 185 0.5 0.9 0.7
31 56 29 23 37,352 24,882 75 4.6 43
32 19 13 4.5 9182 7346 19 1.6 0.8
33 14 13 6.5 1183 946 24 1.2 1.2
34 15 12 8 1440 1152 29 1.2 1.5
35 28 25.5 13 9282 7426 19 2.3 24
Average 36.0 24.32 16.0 37,391 29,884 75.7 2.8 2.8
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Table A4. Quantification of cobble and boulder sizes, volume, and estimated weight from Station 4 at the south end of Isla San
Diego. The density of granite at 2.52 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis

of competing equations. Abbreviation: EWH = estimated wave height. Coordinates 25.11.6463 N and 110.42. 2586 W.

EWH
Sample ]onlilsg Intermediate ihxoi:t Volume Adjust Weight NE::I[I_ZI 0] Pepe et al.
Axis (cm) (cmd) to 80% (kg) [22]
(cm) (cm) (m) (
m)
1 66 49 30 97,020 77,616 196 5.5 5.6
2 46 36 14 23,184 18,547 47 3.8 2.6
3 41 26.5 14 15,211 12,169 31 34 2.6
4 30 21 14.5 9135 7308 18 2.5 2.7
5 415 36 115 17,181 13,745 35 34 2.1
6 70.5 52 29 106,314 85,051 214 5.8 54
7 57 21 20 23,940 19,152 48 47 3.7
8 33.5 28 13.5 12,663 10,130 26 2.8 2.5
9 30 29.5 14 12,390 9912 25 2.5 2.6
10 50 36.5 14 25,550 20,440 52 41 2.6
11 60.5 33 19.5 38,932 31,145 78 5.0 3.6
12 52 37 22 42,328 33,862 85 43 4.1
13 15 12.5 8.5 1594 1275 3.2 12 1.6
14 113 55 53 329,395 263,516 664 9.3 9.9
15 55 32 32 56,320 45,056 114 45 6.0
16 34 28 9 8568 6854 17 2.8 17
17 43 36.5 23 36,099 28,879 73 3.6 43
18 19 13.5 7 1796 1436 3.6 1.6 13
19 63 49 35 108,045 86,436 218 5.2 6.5
20 16 12.5 9.5 1900 1520 3.8 13 1.8
21 91.5 74 17.5 118,493 94,794 239 7.6 3.3
22 65 425 19 52,488 41,990 106 54 35
23 89 35 325 101,238 80,990 204 74 6.1
24 55 42 225 51,975 41,580 105 45 42
25 31 15.5 115 5526 4421 11 2.6 2.1
26 40.5 15.5 9.5 5,964 4,771 12 3.3 1.8
27 64 44 35 98,560 78,848 199 5.3 6.5
28 28 19 18.5 9842 7874 20 2.3 3.5
29 56.5 35 13 25,708 20,566 52 47 24
30 13 9 6.5 761 608 15 1.1 1.2
31 16 10 7 1120 896 2.3 1.3 1.3
32 19.5 12 9.5 2223 1778 45 1.6 1.8
33 98 47 26 119,756 95,805 241 8.1 49
34 19.5 17 11 3647 2917 74 14 2.1
35 575 56 44 141,680 113,344 286 48 8.2
Average 48.0 32.0 19.31 48,758 39,007 98.0 3.7 3.4

Table A5. Quantification of cobble and boulder sizes, volume, and estimated weight from Station 5 at the south end of Isla San
Diego. The density of granite at 2.52 g/ em? is applied uniformly in order to calculate wave height for each boulder on the basis

of competing equations. Abbreviation: EWH = estimated wave height. Coordinates 25.11.6494 N and 110.42.2551 W.

Lor}g Intermediate Sho'rt Volume Adjust Weight EWH EWH
Sample Axis Axis (cm) Axis (em®) to 80% (kg) Nott [20] Pepe et al.

(cm) (cm) (m) [22] (m)

1 485 40.5 20 39,285 31,428 79.8 4.0 3.7

2 64 33 23.5 49,632 39,706 100 53 44

3 69 31 28.5 60,962 48,769 123 5.7 53

4 36 35 20.5 25,830 20,664 52 3.0 3.8

5 73 43 25 78,475 62,780 158 6.0 47

6 25 22.5 13 7313 5850 15 2.1 24

7 33 23 12 9108 7286 18 2.7 22
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Table A5. Cont.

Lor}g Intermediate Sho'rt Volume Adjust Weight EWH EWH
Sample Axis Axis (cm) Axis (em?) t0 80% (kg) Nott [20] Pepe et al.
(cm) (cm) (m) [22] (m)
8 36 36 11.5 14,904 4923 30 3.0 21
9 13 7.5 7 683 546 14 11 1.3
10 21 7.5 6.5 1024 819 2 1.7 12
11 14 13 8.5 1547 1238 3.1 12 1.6
12 495 43 19.5 41,506 33,205 84 4.1 3.6
13 19.5 17 10.5 3481 2785 7 1.6 2.0
14 49.5 29 22 31,581 25,265 64 41 41
15 31 30 5 4650 3720 9.4 2.6 0.9
16 11 9 6.5 644 515 1.3 0.9 1.2
17 9.5 8 7 532 426 1.1 0.8 1.3
18 315 30 16 15,120 12,096 30 2.6 3.0
19 42 38 14.5 23,142 18,514 47 3.5 2.7
20 45 45 22 44,550 35,640 90 3.7 4.1
21 63 40 26 65,520 52,416 132 52 49
22 67 36 22 53,064 42,45 107 55 41
23 63 53 29.5 98,501 78,800 199 52 5.5
24 40 30 16.5 19,800 15,840 40 3.3 3.1
25 28 19.5 14 7644 6115 15 2.3 2.6
26 84.5 58.5 28 138,411 110,729 279 7.0 52
27 63 39 28 63,504 50,803 128 52 52
28 78.5 62 25 121,675 97,340 245 6.5 47
29 65 46 38 113,620 90,896 229 54 7.1
30 29 28 9.5 7714 6171 16 24 1.8
31 100.5 455 43 196,628 157,303 396 8.3 8.0
32 37 32 16.5 19,536 15,629 39 3.1 3.1
33 66 295 28 54,516 43,613 40 5.5 5.2
34 58 455 24 63,336 50,669 128 4.8 45
35 32 23 8.5 6256 5005 13 2.6 1.6
Average 45.58 3224 18.73 43,391 33,456 83.4 3.6 3.3

Table A6. Quantification of cobble and boulder sizes, volume, and estimated weight from Station 6 at the south end of Isla San
Diego. The density of granite at 2.52 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis
of competing equations. Abbreviation: EWH = estimated wave height. Coordinates 25.11.6802 N and 110.42.2417 W.

L01'1g Intermediate Sh(frt Volume Adjust Weight EWH EWH
Sample Axis Axi Axis 3 o Nott [20] Pepe et al. [22]
xis (cm) (cm?) to 80% (kg)

(cm) (cm) (m) (m)
1 75 58 27 117,450 93,960 238 6.2 5.0
2 69 33 14 31,878 25,502 64 5.7 2.6
3 50 45 35 78,750 63,000 159 4.1 6.5
4 64.5 39 35.5 89,300 71,440 180 53 6.6
5 30 24 13.5 9720 7776 20 25 25
6 25.5 14 14 4998 3998 10 21 2.6
7 60 38 26 59,280 47,424 120 5.0 4.9
8 67 42 19 53,466 42,773 108 55 35
9 53.5 28 25 37,450 29,960 75 44 4.7
10 19.5 18 8 2808 2246 5.7 1.6 15
11 73 35 20.5 52,378 41,902 106 6.0 3.8
12 63 54 25 85,050 68,040 171 52 4.7
13 85 56.5 19.5 93,649 74,919 189 4.7 3.6
14 76 43.5 30 99,180 79,344 200 6.3 5.6
15 63 40.5 19 48,479 38,783 98 5.2 35
16 27 26.5 11.5 8228 6583 17 22 2.1
17 355 22 14 10,934 8747 22 29 2.6
18 49 41 15.5 31,140 24,912 63 4.0 2.9
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Table A6. Cont.

Sample Axis Axis 3)

Long Intermediate MO Volume Adjust Weight NE:/tV[I_ZIO] PepeEe‘;:v:ll [22]
to 80% (kg) :
(m) (m)

Axis (cm) (cm

(cm) (cm)

19 20.5 125 12 3075 2460 6.2 1.7 22
20 64 53 24.5 83,104 66,483 168 53 4.6
21 20.5 15.5 8.5 2701 2161 5.4 1.7 1.6
22 11 10 6 660 528 13 0.9 1.1
23 33.5 22 20 14,740 11,792 30 2.8 3.7
24 57 41 36.5 85,301 68,240 172 47 6.8
25 43 38.5 19 31,455 25,164 63 3.6 3.5
26 22.5 22 6.5 3218 2574 6.5 1.9 1.2
27 53 41 12 26,076 20,861 53 44 22
28 38 22.5 16 13,680 10,944 28 3.1 3.0
29 41 19.5 12.5 9994 7995 20 3.4 2.3
30 59 49 26 75,166 60,133 152 49 49

Average 48.3 33.5 19.0 42,110 33,688 85.0 3.2 2.9
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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.

25°6'W 25°0'W
e Legend
Altimetry (m)
| | 587

A ]
11 |Bathymetry (m)

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

89



J. Mar. Sci. Eng. 2020, 8, 386

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 4, 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

90



J. Mar. Sci. Eng. 2020, 8, 386

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/em®, 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)):

(52
o Pw
Hg = G 9]
() 0+ sxsin 0
( FCI c (cos g’ Xsin )
Hg = 2)

100

where H; is the height of the storm wave at breaking point; ps is the density of the boulder (3 tons/m?
or 3 g/em®); 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); us 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 28.0 245 6.0 4116 3087 9.3 3.1 1.5
2 32.0 24.0 8.0 6144 4608 13.8 3.5 20
3 30.0 23.0 10.5 7245 5434 16.3 3.3 26
4 26.0 175 8.0 3640 2730 8.2 2.8 2.0
5 24.5 185 9.0 4079 3059 9.2 2.7 22
6 28.0 245 8.0 5488 4116 12.3 3.1 2.0
7 48.0 23.0 19.0 20,976 15,732 47.2 52 4.7
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 20
10 38.0 25.0 7.5 7125 5344 16.0 4.1 1.8
11 39.5 27.0 11.0 11,732 8799 26.4 4.3 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 2.5 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 22
16 345 25.5 13.0 11,437 8578 25.7 3.8 32
17 32.0 26.0 9.0 7488 5616 16.8 35 22
18 26.0 17.0 16.0 7072 5304 159 2.8 39
19 245 19.0 8.0 3724 2793 8.4 2.7 2.0
20 43.0 27.0 26.0 30,186 22,640 67.9 47 6.4
21 42.0 34.0 16.0 22,848 17,136 51.4 4.6 3.90
22 320 23.0 22,0 16,192 12,144 36.4 3.5 54
23 43.5 22.5 20.0 19,575 14,681 44.0 4.7 49
24 31.0 24.0 17.0 12,648 9486 285 34 42
25 13.0 10.0 8.5 1105 829 25 14 21

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).

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

Sample () Axs (cm) (cm) m®  t075%  (kg) 1371 etal. [38]
1 125 110 85 1169 877 26 14 21
2 85 60 40 204 153 05 09 10
3 80 50 40 160 120 04 09 10
4 120 85 65 663 197 15 13 16
5 105 65 40 273 205 06 11 10
6 130 110 105 1502 1126 34 14 26
7 9.0 8.0 30 216 162 05 10 07
8 250 135 13.0 1388 3201 99 27 32
9 100 70 60 420 315 09 11 15
10 8.0 50 40 160 120 04 09 10
1 9.0 50 45 203 152 05 10 11
12 100 80 60 480 360 11 11 15
13 11.0 7.0 4.0 308 231 0.7 12 1.0
14 165 105 50 866 650 19 18 12
15 85 55 20 9 70 02 09 05
16 150 60 50 450 338 10 16 12
17 145 75 50 544 108 12 16 12
18 85 55 25 117 88 03 09 06
19 9.0 55 15 23 167 05 10 11
20 10.5 8.0 4.5 378 284 0.9 1.1 1.1
2 7.0 55 30 116 87 03 08 07
22 12.0 7.5 5.5 495 371 1.1 13 14
2 9.0 55 30 149 111 03 10 07
24 145 85 40 193 370 11 16 10
25 205 110 80 1804 1353 a1 22 20
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Figure 4. Set of triangular Sneed-Folk diagrams used to show variations in boulder and cobble shapes
compared between modern and Pleistocene (MIS 5e) deposits. (a,b): Prainha. (¢,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.
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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/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) (em?) to 75% (kg) 371 et al. [38]
1 50.0 15.0 11.0 8250 6188 18.6 55 2.7
2 35.0 14.0 14.0 6860 5145 15.4 3.8 3.4
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 12
5 18.0 15.0 4.0 1080 810 24 2.0 1.0
6 235 19.0 6.0 2679 2009 6.0 26 15
7 22.5 20.0 10.0 4500 3375 10.1 2.5 2.5
8 320 29.5 7.0 6608 4956 14.9 3.5 17
9 32.0 17.0 11.0 5984 4488 135 3.5 2.7
10 31.0 16.0 125 6200 4650 14.0 3.4 3.1
11 25.0 16.0 5.0 2000 1500 45 2.7 12
12 22.0 20.0 9.0 3960 2970 8.9 2.4 22
13 27.0 18.5 5.0 2498 1873 5.6 2.9 12
14 20.0 14.0 9.0 2520 1890 57 22 22
15 23.0 15.5 6.0 2139 1604 4.8 2.5 15
16 21.0 135 4.3 1219 914 2.7 23 11
17 220 20.0 9.0 3960 2970 8.9 24 22
18 18.0 175 6.5 2048 1536 4.6 2.0 1.6
19 26.0 16.5 125 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 129 2.8 3.7
22 19.0 12.5 4.5 1069 802 2.4 2.1 11
23 21.0 125 5.0 1313 984 3.0 2.3 12
24 20.5 11.5 9.0 2122 1591 4.8 22 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).

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

Sample () Axis (cm) (cm) em®  to75%  (kg) 1371 etal. [38]
1 39.0 35.0 33.0 45,045 33,784 101.4 4.3 8.1
2 49.0 32.0 25.0 39,200 29,400 88.2 53 6.2
3 17.0 15.0 6.0 1530 1148 34 1.9 1.5
4 15.0 8.0 7.5 900 675 2.0 1.6 1.8
5 320 30.0 16.0 15,360 11,520 34.6 35 39
6 220 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 8.5 935 701 2.1 12 21
9 25.0 17.0 14.0 5950 4463 134 27 34

10 25.0 22.5 19.0 10,688 8016 24.0 2.7 4.7
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 8.3 25 25
13 20.0 14.0 9.0 2520 1890 5.7 22 22
14 30.0 20.0 14.0 8400 6300 189 33 34
15 14.0 12.0 10.0 1680 1260 3.8 1.5 25
16 185 20.0 13.0 4810 3608 10.8 2.0 32
17 14.0 10.5 7.0 1029 772 2.3 15 1.7
18 325 18.0 15.0 8775 6581 19.7 35 3.7
19 225 18.0 11.0 4455 3341 10.0 25 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 3.0 200 10.0 7000 5250 158 38 25
25 320 240 14.0 10,752 8064 242 35 34

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
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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,
a correlated line of Pleistocene CBDs might be traced laterally at elevations that ranged between
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~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) (em®) to 75% (kg) 371 et al. [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 22
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 3.4
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 53 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 12
10 11.0 11.0 4.0 484 363 11 12 1.0
11 16.0 9.0 8.0 1152 864 26 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 13 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 11 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 11 11 15
18 9.5 6.0 4.5 257 192 0.6 1.0 11
19 11.0 9.0 5.0 495 371 1.1 1.2 1.2
20 12.0 55 5.0 330 248 0.7 13 12
21 11.0 55 55 333 250 0.7 12 14
22 17.0 7.0 6.5 774 580 1.7 19 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 17 15
25 13.0 10.0 8.5 1105 829 25 14 21
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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).

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

(cm) Axis (cm) (cm) (em?) to 75% (kg) 371 et al. [38]
1 20.0 18.0 9.0 3240 2430 7.3 22 22
2 135 125 5.0 844 633 1.9 15 12
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 2.5
5 23.0 23.0 13.0 6877 5158 155 2.5 3.2
6 20.0 19.0 10.0 3800 2850 8.6 22 25
7 25.0 21.0 9.0 4725 3544 10.6 2.7 22
8 20.0 105 8.0 1680 1260 3.8 22 20
9 40.0 21.5 17.0 14,620 10,965 32.9 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 21 3.0
12 28.0 21.0 15.0 8820 6615 19.8 3.1 3.7
13 285 19.0 16.0 8664 6498 19.5 3.1 3.9
14 35.5 18.0 15.0 9585 7189 21.6 3.9 3.7
15 26.0 240 15.0 9360 7020 21.1 2.8 3.7
16 19.0 12.0 8.0 1824 1368 4.1 21 2.0
17 14.0 8.0 7.5 840 630 19 15 1.8
18 23.5 17.0 15.0 5993 4494 135 2.6 3.7
19 15.0 12.0 6.0 1080 810 24 1.6 15
20 30.0 26.0 26.0 20,280 15,210 45.6 33 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 22 2.5
23 17.0 12.0 8.0 1632 1224 3.7 19 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 3.9

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).

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

Sample () Axs (cm) (cm) m®  t075%  (kg) 1371 etal. [38]
1 50.0 400 250 50000 37500 1125 55 62
2 280 245 200 13720 10290 309 31 49
3 50.0 36.0 220 39600 29700 891 55 54
4 27.0 21.0 10.0 5670 4253 12.8 29 25
5 380 210 200 1590 11970 359 11 19
6 260 185 13.0 6253 4690 141 28 32
7 170 150 110 2805 2104 63 19 27
8 270 230 135 8384 6288 189 29 33
9 380 320 230 27968 20976 629 41 57
10 200 160 75 2400 1800 54 22 18
1 410 26.0 250 26650 19988 600 45 62
12 270 20 200 11880 8910 267 29 149
13 260 200 15.0 7800 5850 176 28 37
14 250 160 9.0 3600 2700 8.1 27 22
15 200 150 90 2700 2025 61 22 22
16 190 160 100 3040 2280 68 21 25
17 150 105 100 1575 1181 35 16 25
18 165 130 60 1287 965 29 18 15
19 160 115 30 552 414 12 17 07
20 14.0 9.0 7.5 945 709 2.1 1.5 1.8
2 155 110 80 1364 1023 31 17 20
22 21.0 17.5 155 5696 4272 12.8 2.3 3.8
2 290 160 9.0 4176 3132 9.4 32 22
24 25 140 120 3780 2835 85 25 30
25 300 210 130 8190 6143 184 33 32

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)
Size (cm®)  Weight (kg) & 8 [371 etal. [38] 371 etal. [38]
1 Prainha Modern 7490 22.5 67.9 3.6 29 52 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 20 55 3.7
4 Ponta do Castelo MIS 5e 6731 20.2 101.4 27 33 53 8.1
5 Ponta do Cedro MIS 5e 2772 8.3 98.8 1.9 2.1 5.3 6.9
6 Ponta do Cedro MIS 5e 4933 14.8 72.6 2.7 2.9 6.1 6.4
7 Ponta do Cedro MIS 5e 7680 23.0 112.5 29 3.3 55 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 (SSTs) [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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Abstract: This study examines the role of North Atlantic storms degrading a Late Pleistocene rocky
shoreline formed by basaltic rocks overlying hyaloclastite rocks on a small volcanic peninsula con-
nected to Gran Canaria in the central region of the Canary Archipelago. A conglomerate dominated
by large, ellipsoidal to angular boulders eroded from an adjacent basalt flow was canvassed at six
stations distributed along 800 m of the modern shore at El Confital, on the outskirts of Las Palmas de
Gran Canaria. A total of 166 individual basalt cobbles and boulders were systematically measured
in three dimensions, providing the database for analyses of variations in clast shape and size. The
goal of this study was to apply mathematical equations elaborated after Nott (2003) and subsequent
refinements in order to estimate individual wave heights necessary to lift basalt blocks from the
layered and joint-bound sea cliffs at El Confital. On average, wave heights in the order of 4.2 to
4.5 m are calculated as having impacted the Late Pleistocene rocky coastline at El Confital, although
the largest boulders in excess of 2 m in diameter would have required larger waves for extraction.
A review of the fossil marine biota associated with the boulder beds confirms a littoral to very
shallow water setting correlated in time with Marine Isotope Stage 5e (Eemian Stage) approximately
125,000 years ago. The historical record of major storms in the regions of the Canary and Azorean
islands indicates that events of hurricane strength were likely to have struck El Confital in earlier
times. Due to its high scientific value, the outcrop area featured in this study is included in the
Spanish Inventory of Geosites and must be properly protected and managed to ensure conservation
against the impact of climate change foreseen in coming years.

Keywords: coastal storm deposits; storm surge; hydrodynamic equations; upper pleistocene;
marine isotope substage 5e; North Atlantic Ocean
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1. Introduction

Evidence for the influence of hurricanes in the northeast Atlantic Ocean during the
Late Pleistocene is based on analyses of storm beds preserved on Santa Maria Island in the
Azores archipelago [1] and Sal Island in the Cabo Verde archipelago [2]. This line of research
follows a growing interest in coastal geomorphology as related to the accumulation of
mega-boulders attributed to superstorms or possible tsunami events [3]. Documentation
of eroded mega-boulders from rocky shores in Mexico’s Gulf of California during the
subsequent Holocene [4-6] adds to our knowledge of the physical scope of deposits that
can be directly related to historical storm patterns. The Canary Islands in Spain represent
seven main islands and numerous islets and seamounts in the North Atlantic located over
lithospheric fractures off the northwest coast of Africa, with radiometric dates that vary
from 142 Ma to 0.2 Ma along a general east to west axis [7]. At the center of the archipelago,
Gran Canaria Island has a volcanic history dominated by subaerial development dating
back to 13.7 Ma with successive stages of construction and erosion of the island edifice [8].

The attraction of Gran Canaria for this study is based on a distinctive rocky paleoshore
formed by a 3-m thick lava flow exposed laterally along El Confital beach, on the southwest
side of La Isleta peninsula, located in the northeastern quarter of Gran Canaria Island.
Subaerial flows around several craters preserved atop the Isleta volcanoes exhibit variable
Pliocene to Quaternary ages [8], but the basalt shore at El Confital beach is dated to
approximately 1 Ma [9,10]. Prior to this contribution, a paleontological study at El Confital
beach described an older assemblage of Miocene fossils at one end and a more extensive
assemblage of intertidal to shallow subtidal invertebrates confined to the last interglacial
epoch attributed to the Eemian Stage, also correlated with Marine Isotope Substage 5e,
approximately 125,000 years in age [11]. The goals of this subsequent study include a
review of the marine fossil fauna with particular emphasis on species zonation, and with
an added emphasis on the extent of encrustations by coralline red algae. Most importantly,
this work features extensive analyses of boulders eroded from the paleoshore, among which
the Upper Pleistocene biota is preserved. In particular, the physical analyses conducted
for clast shape and size are integral to estimates of wave heights based on competing
mathematical equations applied to a rocky shoreline composed of joint-bound basalt and
hyaloclastite layers.

The range in estimated wave heights extrapolated from average boulder size, con-
trasted against maximum boulder size at multiple sample sites, suggests that a pattern of
repetitious storms is implicated with the coastal erosion of La Isleta and more generally of
Gran Canaria Island over an extended period of Late Pleistocene time. The viability of this
inference is tested against the historical record of cyclonic disturbances in the eastern North
Atlantic Ocean around the Azorean and Canary Islands. Increasing interest in the historical
record of storms in this region is available mainly in Spanish-language reports, but also well
summarized in the international literature [12]. This approach with reference to historic
storms is predicated on a similar analysis of coastal storm beds from the Pleistocene of
Santa Maria Island in the Azores [1] as well as coastal boulder beds from the Holocene of
Mexico’s Baja California [4-6].

2. Geographical and Geological Setting

Gran Canaria is the third largest and most centrally located island in the Canary
Archipelago, situated 150 km off the northwest coast of Africa (Figure 1a,b). With an
area of 1560 km?, the island exhibits a circular map outline with an outer perimeter of
about 50 km showing a pattern of ravines radiating from the island center at an elevation
of 1949 m above present sea level. La Isleta peninsula lies in the northeastern part of
Gran Canaria Island, now linked to it by a sandy isthmus about 200 m in width and
around 2 km long (Figure 1b,c). Gran Canaria island emerged during the Miocene and
reflects a complex geological evolution including the formation and erosion of several
stratovolcanoes. Pliocene-Quaternary mafic fissure eruptions were concentrated along
the northeastern half of the island. Volcanic activity on La Isleta began during the early
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Pleistocene with the formation of submarine volcanoes more than 1 Ma ago [9,10]. At least
two submarine Surtseyan eruptions separated by marine sedimentary rocks have been
identified. The later subaerial phase includes several mafic fissure eruptions (Figure 1c). In
El Confital Bay, located off the east-southeast part of La Isleta, erosion has dominated since
the middle Pleistocene (>152 ka) and marine, aeolian, and colluvial deposits have been
deposited overlying the volcanic sequence (Figure 1d). This area was intensively modified
by quarry operation, military activities, and expansion of a shantytown. The clearing of the
coastal zone after illegal settlement between 1960 and 1995 and its subsequent elimination
by civil authorities, resulted in the area of the deposit encompassed by a larger part of the
Confital platform being compromised.
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El Confital

Figure 1. Canary Archipelago and features of the centrally located Gran Canaria Island: (a) Canary
Archipelago with inset showing the position of Gran Canaria; (b) central island of Gran Canaria
with an arrow pointing to La Isleta on the northern periphery of the island; (c) geological map of
the volcanic edifice that forms La Isleta with inset box marking El Confital beach (coordinates in
UTM m, H28 R); (d) map of the kilometer-long beach at El Confital showing seven localities from
which sedimentological and paleontological data were drawn for this study. Modified from the 1990
Geological Map by Balcells and Barrera at a scale of 1:25,000 [10].

El Confital bay has a U-shape open to the southwest and is bound on the northeast
by an escarpment more than 100 m high. The beach has been developed over a littoral
platform (Figure 1c,d) covering approximately 0.1 km? that consists of highly fractured
hyaloclastite tuffs from the submarine stage and volcanoclastic deposits including marine
fossils. Parallel to the beach, a basalt cliff line extends parallel to the coast for a broken
distance of about a kilometer. Cliffs crop out at an elevation of 1 m in the central part of
the area and rise to more than 10 m at opposite ends in the southeast and northwest. In
these parts, tuffs are overlain by subaerial lava flows and the cliff reaches a height of more
than 10 m.
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3. Materials and Methods
3.1. Data Collection

Gran Canaria was visited in April 2018, when the organizing author was invited to
appraise the beach and rocky shoreline at El Confital beach on the east side of Las Palmas
de Gran Canaria. The original data for this study was collected in October 2020 from
deposits dominated by basalt boulders consolidated within a limestone matrix. Individual
basalt clasts from six stations were measured manually to the nearest half centimeter
in three dimensions perpendicular to one another (long, intermediate, and short axes).
Differentiated from cobbles, the base definition for a boulder adapted in this exercise is
that of Wentworth [13] for an erosional clast equal to or greater than 256 mm in diameter.
No upper limit for this category is defined in the geological literature [14].

Triangular plots are employed to show variations in clast shape, following the design
of Sneed and Folk [15] for river pebbles. In the field, all measured clasts were characterized
as sub-rounded and a smoothing factor of 20% was applied uniformity to adjust for the
estimated volume first calculated by the simple multiplication of the lengths of the three
axes. Comparative data on maximum cobble and boulder dimensions were fitted to bar
graphs to show size variations in the long and short axes from one sample to the next.
Comparative data on maximum cobble and boulder dimensions were fitted to bar graphs
to show size variations in the long and intermediate axes from one sample to the next.
The rock density of basalt from the Pleistocene sea cliffs on El Confital beach is based on
laboratory analyses in an unpublished PhD thesis that yields a value of 2.84 g/cm? [16].

3.2. Hydraulic Model

Dependent on the calculation of rock density for basalt, a hydraulic model may be
applied to predict the force needed to remove cobbles and boulders from a rocky shoreline
with joint-bound blocks as a function of wave impact. Basalt is the typical extrusive
volcanic rock characteristic of many oceanic islands. Herein, two formulas are applied to
estimate the size of storm waves against joint-bounded blocks derived, respectively from
Equation (36) in the work of Nott [17] and from an alternative formula using the velocity
equations of Nandasena et al. [18], as applied by Pepe et al. [19].

Ps —Pw
Hs — ( Pw )a

c M

Z(Lf”") g (cos®+ pssin0)

2 Pw

ut = C (@)
1

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

4. Results
4.1. Characteristics of the Conglomerate

Two principal facies of Pleistocene conglomerates occur at El Confital. The first is
linked to the background cliffs at opposite ends of the bay and the second is related to
the open paleo-platform 5 to 10 m distal from the cliffs in the more central part of the
beach. Along the higher cliffs, a marine conglomerate fills paleo-channels and forms ridges
trending NNE-SSW perpendicular to the shore (Figure 2a,b). The channel conglomerate
is well cemented and consists of coarse-grained (pebble to boulder size) clasts embedded
in a white matrix of bioclastic calcarenite. The matrix incorporates marine mollusks
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and calcareous algae. Commonly reaching a cubic meter in size, boulders are generally
ellipsoidal to angular in shape and well rounded. The largest boulders exhibit a long axis
in excess of 2 m. Locally, the matrix is composed of reddish sands derived from eroded
hyaloclastite tuffs (Figure 2c). Neptunian dykes related to the emplacement of this deposit
cut into the tuffs and volcanoclastic deposits filled with carbonates and zeolites as well
as bioclasts and gravels (Figure 2d). The more distal conglomerate is deposited nearly
horizontal across the shore platform. Here, boulders are smaller and more rounded, and
the matrix consists of coarse-grained bioclastic sand.

#

syndep:
& fracture

H-

Figure 2. Conglomerate slumps above El Confital beach south of La Isleta; (a) incision approximately 3.5 m deep in cliff
face filled with basal boulders loosened from the adjacent basalt formation (backpack for scale); (b) boulder-filled cut in

the same cliff face with individual boulders exposed in bas relief (the largest boulder at the bottom has a long axis of
approximately 75 cm); (c) reddish sands derived from eroded hyaloclastite; (d) details showing filling of a neptunian dyke
and syndepositional fractures in basalt (tape-measure case for scale).

4.2. Comparative Variation in Clast Shapes

Raw data on clast size in three dimensions collected from each of six sample sites are
recorded in Appendix A (Tables A1-A6). Regarding shape, points representing individual
cobbles and boulders are fitted to a set of Sneed-Folk triangular diagrams (Figure 3a—f). The
spread of points across these plots reflects a consistent pattern in the variation of shapes
from one sample to another. As few as one to three points fall within the upper triangle in
each diagram, which represents an origin from a perfectly cube-shaped endpoint as a joint-
bound block of basalt. No more than five points from each sample fall within the lower,
right-hand rhomboid in these diagrams. This extreme corner signifies elongated blocks
with one super-attenuated axis in relation to two axes that are significantly shorter by 75%
or more. The result is a bar-shaped piece that originated as a joint-bound block of basalt.
The plot with the greatest number of points in these two extremes is from locality 5 (Figure
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3e), from a position closer to the western end of the paleoshore. Numbering between
10 and 15 per sample, the majority of points from each of the six samples fall within the
central two rhomboids directly below the top triangle. Such points clustered at the core of a
Sneed-Fold diagram are typical of clasts for which two of the three dimensions are closer in
value than the length of the third axis. It is notable that no points appear anywhere along
the margin of rhomboids on the left side of these diagrams. It is clear that no tendency in
shape towards plate-shaped clasts is evident in the data. The general slope of points in
agreement from the six plots follows a uniformly diagonal trend from the top to the lower
right-hand corner. The trend in distributed points from these plots signifies the rounding
of clasts in which two of the dimensions (maximum and intermediate lengths) are more
closely matched with the third as an outlier.
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Figure 3. Set of triangular Sneed-Folk diagrams used to appraise variations in cobble and boulder
shapes sampled along the Upper Pleistocene paleoshore east to west at El Confital beach south of La
Isleta: (a—f) sample localities 1 to 6 represented, respectively.

4.3. Comparative Variation in Clast Sizes

Drawn from original data (Tables A1-A6), clast size is plotted to the best effect on bar
graphs as a function of frequency against maximum and intermediate lengths of the two
longest axes perpendicular to one another. The dozen graphs plotted (Figure 4a-1) exhibit
trends in clast size sorted by intervals of 15-cm, in which the boundary between cobbles and
boulders is embedded within the range for clasts between 16 and 30 cm in diameter. The
left-hand column (Figure 4a,c,e,g k) depicts lateral variations in maximum boulder length
from the six samples on an east to west transect along the Upper Pleistocene paleoshore.
Overall, each of the samples in this dimension is numerically dominated by boulders in
contrast to cobbles at ratios from 3:2 and 4:1. Samples from the east end (Figure 4a,c) reflect
differences that conform to a normal bell-shaped curve, whereas samples from the west
end (Figure 4i,k) are strongly skewed to include a few boulders of extreme size in excess of
one meter. In contrast, the right-hand column (Figure 5b,d,f h,j 1) shows lateral variations
in values for intermediate length of clasts. In all but two examples (Figure 4f,j) the number
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of measurements falling within the interval of 16 to 30 cm exceeds those registered for the
same interval as measured for the long axis. This result reflects a general shift in size to
smaller frequencies compared to the left-hand column and confirms the diagonal trend
in shapes illustrated by the Sneed-Folk diagrams (Figure 4a—f). Skewness that mirrors
the inclusion of extra-large clasts is especially evident in the bar graphs at the extreme
ends of the paleoshore (Figure 4b,1). The largest basalt clast identified in the entire project
registered a long axis of 214 cm, an intermediate axis of 94 cm, and short axis of 50 cm
(Table A6).
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Figure 4. Set of bar graphs used to contrast variations in maximum and intermediate boulder axes
from six samples at El Confital beach south of La Isleta: (a,b) bar graphs from locality 1; (c,d) bar
graphs from locality 2; (e,f) bar graphs from locality 3; (g,h) bar graphs from locality 4; (i,j) bar graphs
from locality 5; (k1) bar graphs from locality 6.

115



J. Mar. Sci. Eng. 2021, 9, 138

Figure 5. Examples of abundant marine fossils from the paleoshore exposed at El Confital beach: (a) filling among larger
boulders that includes the elbow shell (Patella aspera) and barnacles (Balanus trigonus) with bottlecap for scale; (b) bivalve
(Chama gryphoides) with pen-tip for scale; (c) gastropod (Gemophos viverratus) with 3-cm scale; (d) gastropod (Cerithium
vulgatum) with scale bar = 1 cm; (e) large colony of gastropods (Dendropoma cristatum) with rock hammer for scale.

4.4. Paleontological Inferences on Water Depth

A moderately rich molluscan fauna of 42 marine gastropods and eight bivalves from
El Confital (Table 1) that also includes barnacles and rhodoliths formed by coralline red
algae is maintained in the permanent collections of the Tenerife Science Museum. Overall,
these fossils reflect organisms that lived under inter-tidal to shallow subtidal conditions
as confirmed by outcrop relationships, where currently the fossil remains are visible ce-
mented in place along small sections of the bay and in ravines that form after heavy rains.
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The Pleistocene fauna at El Confital corresponds to a high-energy setting against a rocky
shore highlighted by the abundance of méerl and rhodoliths associated with relatively
abundant patelid gastropods (Figure 5a), chamid bivalves (Figure 5b), and other mollusks
(Figure 5¢,d). Extensive colonies of vermetid gastropods (Dendropoma cristatum) are rep-
resented as discrete biological clasts incorporated within the conglomerate (Figure 5e).
Although extensive shell fragmentation is evident, it is worth noting the high rate of
complete shells, which include delicate ornamentation. In the case of pateliform shells,
preservation also features evidence for stacking. This taphonomic trait is characteristic of
a high-energy regime. At the base of the deposit on the platform at El Confital (Figure 2,
locality 7), there is evidence of bioturbation possibly related to the activity of crabs. Also,
trace fossils likely related to the activity of polychaets are preserved within the neptunian
dykes that are common on the platform.

Table 1. Summary species list of epifaunal, infra-intertidal invertebrates from the Upper Pleistocene strata exposed at El
Confital beach correlated with Marine Isotope Substage 5e. Extinction is denoted by asterisk.

Phylum Class

Species Phylum Class Species

Mollusca Gastropoda

Acanthina dontelei *
Alvania macandrewi
A. scabra
Barleiia unifasciata Mollusca Bivalvia
Bolma rugosa
Bittium reticulatum
Bursa scrobilator
Cerithium vulgatum
Cheilea equestris
Clanculus berthelotii
Columbella adansoni
Conus guanche
C. pulcher
Coralliophila meyendorffi
Dendropoma cristatum
Diodora gibberula
Erosaria spurca
Gemophos viverratus
Gibbula candei
Gibbula sp.
Haliotis tubeculata
Littorina littorea
Luria lurida
Manzonia crassa
Marginella glabella
Mitra cornea
Monoplex parthenopeus
Naria spurca
Patella aspera
P. candei
P. crenata
P. piperata
Phorcus atratus
P. sauciatus
Pusia zebrina
Stramanita haemastoma
Tectarius striatus
Thylacodes arenarius
Vermetus triquetrus
Vermetus sp.
Vexillum zebrinum
Zebina vitrea

Barbatia barbata
Bractechlamys corallinoides
Cardita calyculata
Chama gryphoides
Ctema decussata
Glycymeris glycymeris

Pecten sp.
Venus verrucosa

Arthropoda  Cirripedia Balanus trigonus

In addition to preservation of whole but also fragmented rhodolith debris (Figure 6a,d)
that signify the remains of a Pleistocene méerl bed at El Confital, deposits are notable for the
conglomerate consisting of mixed basalt cobbles and large boulders that exhibit erosional
smoothing. The growth of coralline red algae in thin layers encrusted around and among
these basalt clasts is widespread (Figure 6). In some examples, algal crusts are localized
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and fail to completely surround individual cobbles leaving some parts free as viewed
profile (Figure 6a). This scenario implies that some clasts were only partially coated
by crustose algae elsewhere and subsequently were transferred to the conglomerate. In
other examples, thick growth of algal crusts completely fills voids between boulders and
small cobbles fixed in between (Figure 6b). This suggests an alternative scenario in which
algal growth occurred perhaps on the outer margin of the conglomerate after its mass
accumulation. Crustose red algae also are found in patches attached to basalt boulders
exposed in three-dimensional relief (Figure 6¢).

Figure 6. Examples of basalt cobbles and boulders heavily encrusted by coralline red algae: (a) space between two adjacent
boulders filled by algal-encrusted cobbles and pebbles (scale bar = 2.5 cm); (b) close-up view of thick algal encrustations in

the space among basalt clasts (bottle cap for scale); (c) hat-size basalt boulder with remnants of coralline red algae (clasp on

hat string = 3 cm).

4.5. Storm Intensity as a Function of Estimated Wave Height

Clast sizes and maximum boulder volumes drawn from the six field localities are
summarized in Table 1, allowing for direct comparison of average values for all clasts, as
well as values for the largest clasts in each sample based on Equations (1) and (2) derived
from the work of Nott [16] and Pepe et al. [19].

The Nott formula [17] shown in Equation (1) yields an average wave height of 4.5 m
for the extraction of joint-bound blocks from basalt sea cliffs exposed at El Confital beach
and their subsequent transfer as slump boulders in samples 1 to 6. A much larger value
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for a wave height of 11 m is derived from the average of the largest single blocks of basalt
recorded from the six locations. More sensitive to clast length from the short axis, the more
sophisticated Equation (2) from Pepe et al. [19] yields values that are consistently lower for
the estimated average wave height and estimated maximum wave height. The difference
between the two calculations for estimated average wave height as well as estimated
maximum wave height is, however, very small at 30 cm. Notably, the value for average
maximum wave height derived from Equation (1) from Nott [17] is 2.5 times as high as
the value found for overall average wave height using the same formula. Essentially the
same factor applies to the slightly lesser values derived from Equation (2) according to
Pepe et al. [19]. Clearly, the hydraulic pressure with extreme wave impact is necessary
to loosen and budge the largest fault-bound blocks of basalt in the Pleistocene cliff line,
as represented by the enormous block at locality 6 estimated to weigh 2.25 metric tons
(Table A6). The essential issues under consideration in the following sections pertain to the
singularity of a lone event of extreme magnitude as opposed to the repetition of many, but
less energetic events in the shaping of the Pleistocene boulder slumps at El Confital beach.

5. Discussion
5.1. Integration of Paleontological and Physical Data

Boulders derived from horizontal layers of joint-bound basalt that originated as a
subaerial flow about 1 million years ago at El Confital are estimated to have undergone
wear that resulted in a 20% reduction in volume from more cubic or bar-shaped blocks
(Figure 4) due to mutual friction under wave shock and subsequent erosion that smoothed
sharp corners. Pleistocene fossils incorporated within the resulting conglomerate (Table 1,
Figure 5) reflect an age correlated with Marine Isotope Stage 5e during the last interglacial
epoch [11,20-23].

The assemblage represents a high-diversity, intertidal to shallow subtidal fauna domi-
nated by mollusks that thrived on a basalt shelf on the southern margin of a small volcanic
edifice. Except for those few limited to the MIS5e, most of the species listed in Table 1
continue to inhabit the contemporary coasts of the Canary Islands. These taxa are char-
acterized by a preference for rocky or mixed littoral bottoms (sandy with rocky clasts of
different sizes) up to a depth of about 3 m within the intertidal zone. The various species
occupy different niches, such as crevices or intertidal pools or beneath rocks, which provide
protection from the intense northwesterly waves that dominate the shores of the Canary
Islands. In the case of El Confital today, there also occurs a wide rocky intertidal flat with
little slope. In these shallows, the organisms are grouped in parallel bands or remain
associated with pools at low tide, depending on their ability to adapt to environmental
factors such as desiccation, temperature, salinity, and water agitation that condition life
in that environment [23]. The intertidal shallows are home to a high number of marine
organisms, highlighted by the dominant populations of pateliform and trochid gastropods.

Some of the larger clasts and boulders are encrusted with crustose red algae exhibiting
rinds in excess of a centimeter in thickness (Figure 6). In places, surviving patches of red
algae retain a rose coloration typical of coralline red algae (Figure 6¢), but it may be due to
inorganic discoloration. In addition to platy red algae cemented directly onto cobbles and
boulders, whole rhodoliths and the debris of broken rhodoliths occur in pockets scattered
throughout the conglomerate (Figure 5a). Some faunal elements may have lived within the
interstices of adjacent boulders after the conglomerate was formed during slump events.
Platy red algae are concentrated unevenly on the sides of cobbles and smaller boulders
(Figure 6a), leaving other faces vacant. Some open spaces between adjacent boulders
appear to have been filled by the continual growth of crustose red algae (Figure 6b). On
the other hand, rhodoliths potentially composed of the same species of coralline red algae
in unattached growth forms expressed by spherical shapes would have expired due to a
lack of mobility.

A proper survey has yet to be undertaken to identify the genera and possible range
of species belonging to coralline red algae that encrust cobbles and boulders in the Upper
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Pleistocene deposits at El Confital. Such a study necessarily entails the collection of samples
for the making of thin sections transversely through crusts in order to identify features
diagnostic at least on a genus level. Until such time, the best that can be said is that the
present-day distribution of marine algae is widespread throughout the Canary Islands
and keyed to habitats around individual islands in the Canary archipelago. Among the
Corallinaceae known to be specific to Gran Canaria island, at least five genera are present,
including Hydrolithon, Lithophyullum, Lithoporella, Mesophylum, and Neogoniolithon. Among
these, Lithophyllum is the most diverse with four species locally attributed to that genus
around the island [24]. From a paleoecological point of view, what is most telling about
the boulder beds at El Confital at this stage of investigation is that they came to reside in
shallow water within the upper photic zone consistent with the associated fossil fauna.

Overall, the combination of paleontological and physical evidence points to an open
shelf setting on the margin of a small volcano around which a distinctly shallow-water
biota thrived prior to interruption by storm events that eroded a series of parallel chan-
nels perpendicular to the strike of the paleoshore. These submarine gullies define the
depositional space in which the Upper Pleistocene conglomerate was accommodated and
preserved (Figure 3a,b).

Based on the application of two competing mathematical models that consider dif-
ferent dynamics [17,19], the estimated average height of storm waves that broke onto
the south shore of La Isleta are remarkably similar in the range between 4.2 and 4.5 m
(Table 2). However, the largest half-dozen boulders sampled from six study sites yield a
much higher average estimated height of storm waves between 10.8 and 11.1 m (Table 2).
Under any circumstances, such results would represent extremely large waves. These
numbers represent clear outliers in the data, although based on boulders of extraordinary
size and weight up to 2.25 metric tons. It may be that lesser waves were instrumental in
gradually loosening the biggest basalt blocks from a joint-bound condition to a point where
gravity slid them into nearby channels enlarged by multiple storm events. Rare hurricane
events are more likely to have generated storm waves on the order of 6 to 8 m that impacted
the Pleistocene rocky shore at El Confital. An entirely different set of equations is used to
estimate the landward onrush of water due to tsunami events, but the complete absence of
basalt boulders on the slopes of La Isleta (Figure 2) mitigates against this scenario.

Table 2. Summary data from Appendix A (Tables A1-A6) showing maximum bolder size and
estimated weight compared to the average values for sampled boulders from each of the transects
together with calculated values for wave heights estimated as necessary for boulder-beach mobility.
Abbreviations: EAWH = estimated average wave height, EMWH = estimated maximum wave height.

Max.
Average ) orage EAWH DAWH o pogn MaX puwl EmwH
X Number  Boul- (m) Boul-
Confital of Sam- der Boulder (m) Pepe der der (m) (m)
Locality Weight Nott P Vol- . Nott Pepe et
ples Volume etal. Weight
3 (kg) [17] ume [17] al. [19]
(cm?®) [19] 3 (kg)
(cm?)
1 30 28,065 79.7 45 3.9 212,173 602.6 7.4 12.7
2 28 9786 116.1 4.8 53 298,742 848.4 9.9 10.4
3 30 22,870 64.9 41 3.5 252,000 713.7 10 10.2
4 30 14,823 43.1 39 33 50,540 143.4 59 6.8
5 24 34,267 77.8 42 35 238,853 678.3 11.9 8.6
6 24 84,792 239.7 55 5.6 804,640 2258 215 16.1
Average 27.66 32,434 103.5 4.5 42 309,491 874.1 11.1 10.8

5.2. Inference from Historical Storms in the North Atlantic

Given their geographic location, archipelagos located north of Cabo Verde off the
northwest coast of Africa are likely to be impacted by high-energy storms [25]. The Azores
Archipelago is struck by high-energy storms with a frequency every seven years [26],
causing several shipwrecks in the harbor of Ponta Delgada on Sao Miguel (Figure 7a).
More recently, the passage of Hurricane Lorenzo in October 2019 caused the destruction
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of several piers among the islands, as well as the near disappearance of Lajes das Flores
harbor (Figure 7b). The Canary Islands are no exception. The high-energy events that affect
the islands have caused considerable damage [12] and even fatalities (Figure 7c,d).

Figure 7. Evidence of destruction caused by storms in the Azorean and Canary islands; (a) Shipwrecks in Ponta Delgada
harbor (Sao Miguel, Azores) after the December 1996 storm (photo by Joao Brum); (b) Destruction of the pier of Lajes

das Flores (Flores Island, Azores) after the passage of Hurricane Lorenzo in October 2019 (Flores Island, Azores) after the

passage of Hurricane Lorenzo in October 2019 (Journal Agores 9, 2019); (c) Shipwreck beached in Gran Canaria after the
November 1968 storm (Efemérides Meteorlogicas de Candrias, 2018); (d) destruction caused by the April 1970 storm that hit
Gran Canari (Efemérides Meteorlogicas de Candrias, 2018).

Historical records (Table 3) are scarce in terms of available wave-height information.
However, in some cases inferences can be made: the events of 21 February 1966 (10 to 12 m),
23 November 1968 (10 m), and 21 April 1970 (8 m). These inferences suggest that storm
waves can reach considerable values in the Canary Islands. Empirical models for wave
modulation about the island of Gran Canaria indicate average wave height values between
5.22 and 5.58 m [27,28]. Such wave heights are compatible with the maximum average
values estimated for boulders summarized for location 6 (Table 2) with averages based
on Equation (1) [17] of 5.5 m and Equation (2) [19] of 5.6 m. The location of El Confital
beach within the bay also is pertinent. The development of the volcanic edifice of La Isleta
(Figure 1c) played an important role in protecting the area. Although consideration of the
effect and action of waves before the Last Interglacial Epoch is possible, the formation of
a large sandy isthmus since that time connected the La Isleta to the larger island of Gran
Canaria, making the area even more sheltered from storm events. No direct evidence is
observable at El Confital, but it is necessary to remember that the Canary Islands are subject
to tsunami waves resulting from earthquakes like the wider regional event of 1755 that
destroyed Lisbon, as well as volcanic flank collapse on the home islands.
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Table 3. Coastal disturbances between 1755 and 2009 that affected Gran Canaria and islands elsewhere in the Canary

Archipelago.
Order Date Type Event Locations Scale of Destruction
Major destruction,
1 25 January 1713 major storm Gran Canaria and Tenerife  overflow in Vega de
Arucas
Tenerife, Gran Canaria, Destruction in coastal
2 1 November 1755 tsunami and areas due to Lisbon
Lanzarote earthquake
3 6 January 1766 major storm Gran Canaria Torf?ntlal rain; lahaar in
Agiiimes
4 7-8 November 1826 major storm all islands Damage throughout the
Canaries and loss of life
50 buildings destroyed
5 7 January 1856 hurricane Tenerife and El Hierro ;rilzlrt.ldmg the harbor and
two fatalities
6 13 February 1875 major storm Las Palmas fie Gran Damage to shlps_ in the
Canaria harbor, one fatality
. . Overflow at E Confital,
7 16 January 1895 major storm Gran Canaria house destruction
8 25-26 December 1898 major storm Gran Canaria Damage t(? pier and
docked ships
9 3 March 1903 major storm Gran Canaria No reported damage
10 16 December 1903 major storm Gran Canaria Raging sea; one fatality
. . Disappearance of sand
11 2 February 1904 major storm Gran Canaria from El Confital
12 28-29 October 1905 major storm Gran Canaria Streets of Las Palmas
flooded; one fatality
13 17 January 1910 major storm Gran Canaria Pier damage
14 30 January 1910 major storm Gran Canaria Overﬂon in Las Palmas;
one fatality
15 26-27 December 1910 major storm All islands Las Pa!mas harbor closed
to traffic
16 1912 major storm Gran Canaria Overflow in Las Palmas
17 7-9 February 1912 major storm Gran Canaria Homes in Las Canteras
destroyed
18 22 November 1913 major storm Gran Canaria Homes in Las Canteras
damaged
19 26 November 1915 major storm Gran Canaria Harbor closure
. . Wave destruction; one
20 19 November 1933 major storm Gran Canaria fatality at EI Confital
21 12-13 December 1957 major storm Gran Canaria Ma]or destruction to Las
Nieves harbor
. . one fatality at Las Salinas
22 10 September 1961 major storm Gran Canaria de El Confital
23 21 February 1966 major storm Gran Canaria Wave heights between 10
and 12 m
Wave height of 10 m in
24 23-26 November 1968 major storm Tenerife and Gran Canaria  Tenerife; wind speed of
118 km/h in Gran Canaria
. . . Wave height of 8 m; wind
25 21 April 1970 major storm Gran Canaria speed over 90 km/h
26 18 February 1971 major storm Gran Canaria Damage in El Confital
Overflow; home damage;
27 February 1989 major storm Gran Canaria closure of Puerto de La
Luz harbor
. . Damage to harbors and
28 28-29 November 2005 major storm DELTA all islands
beaches
Overflow; precipitation
29 21 December 2009 major storm Gran Canaria levels of 130 mm /h;

damage to homes

5.3. Comparison with Coastal Boulder Deposits Elsewhere

Pleistocene and Holocene deposits formed by cobbles and boulders are widely dis-
tributed all around the world [3], but studies in coastal geomorphology seldom consider
density as related to parent rock types when investigating the range of wave heights nec-
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essary for their development as eroded boulders. Application of mathematical formulae
such as Equation (1) from Nott [17] to estimate storm wave height has been applied previ-
ously to coastal boulder deposits throughout Mexico’s Gulf of California, including those
formed by limestone, rhyolite, and andesite clasts [4-6]. Extension of this work to include
Equation (2) as derived from Pepe et al. [19] also has been applied to coastal basalt deposits
in the Azores [1]. The variation in mass among these rock types ranges from 1.86 gm/cm?
for limestone, 2.16 gm/cm? for the rhyolite, 2.55 gm/cm? for andesite, and 3.0 gm/cm?
for basalt.

Among the largest Holocene boulders treated in these studies are those derived from
rhyolite shores on the Gulf of California yielding mega-boulders with a calculated weight
of 4.3 metric tons requiring an estimated wave height of 16.8 m to shift from the parent
rocky shore [5]. In this particular case, the estimated wave height from storms in the Gulf of
California is commensurate with the wave height formulated for the largest basalt boulder
recorded anywhere on El Confital beach at study site 6 (Table 2). The recent history of
hurricanes in the Gulf of California filmed under direct observation, confirms wave heights
at least half that size against contemporary rhyolite sea cliffs [5].

The island of Santa Maria in the Azores has yielded a study comparing present-day
and Upper Pleistocene basalt boulders [1] most applicable to the present study at El Confital
beach in Gran Canaria. The largest Pleistocene boulder recorded in that study is smaller
than many of the typical basalt boulders from El Confital, but still exemplified an estimated
wave height of 8 m necessary for its emplacement. The largest boulder from a modern
deposit on Santa Marine Island was calculated to require a wave height of 6.4 m for its
emplacement [1].

Technically, hurricanes have a tropical to subtropical source dependent on high ocean-
surface water temperatures and excessive air moisture [29]. However, major storms of
hurricane intensity also occur in Arctic latitudes, where contemporary and Holocene
boulder deposits occur along the coast of Norway. Small boulders formed by low-grade
chromite ore with a density of 3.32 g/cm? are described from Holocene deposits on
Norway’s Leka Island that imply wave heights as much a 7 m for their emplacement [30].

5.4. Notes on the Geoheritage of El Confital Beach

El Confital beach takes its name from the former abundance of “confites” (candies in
English) on the beach, a popular name given to rhodoliths throughout the Canary Islands
for their white color and ball-like shape. Notably, the study area at El Conital beach is richly
fossiliferous as known since the visit by Charles Lyell in 1854 to Gran Canaria island [31].
Historically, deposits with fossil rhodoliths, as well as other carbonates were exploited
massively to manufacture lime, due to the lack of this resource in the Canary Islands. This
industry has led to the loss of essential paleontological paleoecologial, and taphonomical
information. The outcrop at El Confital was chosen as a Geosite (site of geological interest,
acronym LIG in Spanish) [32,33] and is included in the Inventory of Geosites of the Canary
Islands, carried out by project LIGCANARIAS [11,34], due to its high scientific value that
represents an area where different types of geological heritage are combined. Stratigraphic
sequence is the central feature around which others are related including paleontology,
sedimentology, and geomorphology [34-37]. The volcano-sedimentary sequence at El
Confital reaches a maximum level of 200 m above sea level in which characteristics of the
geological evolution of Gran Canaria island are represented.

As shown in this study, the significance of El Confital is magnified as an example of
an accumulation zone of basaltic boulders of different sizes that denote high-energy events
essential to understanding the impact of storms and hurricanes in the island groups of
the North Atlantic. Apart from the materials belonging to the last interglacial maximum
(MIS5e) described in this paper, El Confital includes a range of other features represented
by submarine and subaerial basaltic deposits and hyaloclastites (peperites) together with
marine sands and conglomerates, aeolian sand dunes, and colluvial deposits [35].
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For all its value as a Geosite with high scientific, educational, and touristic
value [32,33,35,36], El Confital beach is extremely fragile and vulnerable to human impact
and climate change. Therefore, it remains necessary to adopt a management plan that en-
sures its regulatory protection in the short- and intermediate-term [37]. Although adjacent
to the Bahia del Confital Special Conservation Area, Community Interest Area, as well
as La Isleta Marine Area, and the Protected Landscape of La Isleta, it is urgent that the
Geosite attain an effective geoconservation plan sanctioned by the regional government of
the Canary Islands.

6. Conclusions

Study of the cobble-boulder deposits at Playa El Confital offers insights based on
mathematical equations for estimation of Late Pleistocene wave heights from super-storms
in the same region:

e  Consolidated cobble-boulder deposits preserved in multiple samples from Upper
Pleistocene strata exhibit evidence of major slumps from a rocky shoreline formed
by basalt flows during a prior stage of development related to the small volcanic
peninsula of La Isleta.

e  Preserved in conglomerate deposits that are well cemented, the average estimated
volume and weight of individual basalt boulders from a total of 166 samples suggest
wave heights between 4.2 and 4.5 m responsible for their derivation from an adjacent
stratiform and joint-bound body of parent rock. The largest basalt boulder from all
six sample sites is estimated to weigh 2.25 metric tons and may have been moved by
a wave of extraordinary height around 10 m. Alternately, smaller waves may have
gradually loosened this block from its parent body until the force of gravity entrained
it within the conglomerate.

e  Often ellipsoidal to angular in shape but typically well rounded, the degree of wear to
which individual boulders were subjected implies the action of multiple storm events
that also gradually enlarged the size of the channels in which the conglomerates were
entrained. Ellipsoidal shapes were governed by the spacing of vertical joints in the
parent basalt flow.

e Anassociated marine biota consisting of diverse mollusks dates the conglomerates to
an age consistent with Marine Isotope Stage 5e, equivalent to the Eemian Stage during
the last interglacial epoch. The biota also includes rhodoliths formed by coralline
red algae growing in spherical forms unattached to the seabed, as well as abundant
evidence of platy red algae encrusted directly onto many boulders. Much the same
biota lives the present-day embayment at El Confital and represents an inter-tidal to
very shallow subtidal habitat.

e  Historical records from major storm events that impacted the Canary and nearby
Azorean islands confirm that wave heights in the range of those predicted by math-
ematical models for the erosion of the El Confital conglomerates are reasonable for
erosion of all but perhaps the largest boulders entrained, therein.

e  Given the importance of geoheritage at El Confital beach and the boulder deposits
described in this paper, it remains necessary to implement an adequate management
plan against human impact and climate change.
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Appendix A

Table Al. Quantification of clast size, volume, and estimated weight from location 1 at the east end of Playa El Confital.
The density of basalt at 2.84 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis of
competing equations. Abbreviation: EWH = estimated wave height.

Sample Long Intermediate Short Volume Adjust Weight NE:/:’[I;] Pe eEe‘;V:II [19]
Axis (cm) Axis (cm) Axis (cm) (cm®) to 80% (kg) 4 .

(m) (m)
1 28.5 15 55 2351 1881 5.3 29 12
2 41 34 25 34,850 27,880 79.2 4.1 5.7
3 30 25 24 18,000 14,400 40.0 3.0 54
4 16 11 7 1232 986 2.8 1.6 1.6
5 29 21 13.2 8039 6431 18.2 29 3.0
6 44 19 11 9196 9357 26.6 44 25
7 28 25 9.5 6650 5320 15.0 2.8 22
8 58 53.5 17 52,751 42,201 119.9 5.8 3.8
9 54 46 25.5 63,342 50,674 143.9 5.4 5.8
10 68.5 34 20 46,580 37,264 105.8 6.9 45
11 37 23 22 18,722 14,978 42.5 37 5.0
12 35 34 18 21,420 17,136 48.7 35 4.1
13 24 16 8 3072 2458 7.0 24 1.8
14 14 10 7.5 1050 840 24 1.4 1.7
15 74 64 56 265,216 212,173 602.6 7.4 12.7
16 38 23 18 15,732 12,586 35.7 3.8 4.1
17 63 36 22 49,896 39,917 113.4 6.3 5.0
18 46 24 23 25,392 20,314 57.7 4.6 5.2
19 53 34 16 28,832 23,066 65.5 5.3 3.6
20 21 18 13 4914 3931 11.0 2.1 2.9
21 45 21 10 9450 7560 21.5 4.5 2.3
22 41 20.5 13 10,927 8741 24.8 41 2.9
23 75 45 15 50,625 40,500 115.0 7.5 3.4
24 45 41 24 44,280 35,424 100.6 45 5.4
25 72 36 23 59,616 47,693 135.4 7.2 5.2
26 71 34 18 43,452 34,762 98.7 7.1 4.1
27 88 59 23 119,416 95,533 271.3 8.8 5.2
28 435 26 13 14,703 11,762 33.4 44 29
29 23 18 10 4140 3312 9.4 23 2.3
30 40 33.5 12 16,080 12,864 36.5 4.0 2.7

Average 44.85 30 17.5 34,998 28,065 79.7 4.5 3.9
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Table A2. Quantification of clast size, volume, and estimated weight from location 2 at the east end of Playa El Confital.
The density of basalt at 2.84 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis of

competing equations. Abbreviation: EWH = estimated wave height.

Sample Long Intermediate Short Volume Adjust Weight Nﬁrtv[l_llﬂ Pe eE:tV:-II [19]
p Axis (cm) Axis (cm) Axis (cm) (cm®) to 80% (kg) 4 :

(m) (m)

1 99 82 46 373,428 298,742 848.4 9.9 10.4
2 71 48 27 92,016 73,613 209.1 7.1 6.1
3 27 19 10 5130 4104 11.7 2.7 2.3
4 55 27 25 37,125 29,700 10.5 55 5.7
5 33 16 8 4224 3379 9.6 33 1.8
6 46.5 45 43 89,978 71,982 204.4 4.7 9.7
7 62 24 24 35,712 28,570 81.1 6.2 5.4
8 56 30 20 33,600 26,880 76.3 5.6 45
9 58 51 35 103,530 82,824 235.2 5.8 7.9
10 19 15 7.5 2138 1710 4.9 1.9 17
11 47.5 425 37.5 75,703 60,563 172 4.8 8.5
12 46 30 54 74,520 59,616 169.3 4.6 122
13 64 42 36 96,768 77414 219.9 6.4 8.2
14 47 29 24 32,712 26,170 74.3 4.7 54
15 27 18.5 7.5 3746 2997 8.5 2.7 17
16 48 35 235 39,480 31,584 89.7 4.8 53
17 77 46.5 25 89,513 71,610 203.4 7.7 5.7
18 42 41 20 34,440 27,552 78.2 42 45
19 33 315 13.5 14,033 11,227 319 3.3 3.1
20 43 40 275 47,300 37,840 107.5 4.3 6.2
21 36 34 14 17,136 13,709 389 3.6 3.2
22 19 17 13 4199 3359 9.5 1.9 29
23 69 24 21 34,776 27,821 79.0 6.9 4.8
24 56 31 24 41,664 33,331 94.7 5.6 5.4
25 30 17 15 7650 6120 17.4 3.0 3.4
26 31 26 18 14,508 11,606 33.0 3.1 4.1
27 53 32 16.5 27,984 22,387 63.6 5.3 3.7
28 435 31.5 22 30,146 24,116 68.5 44 5.0
Average 49 33 23.5 12,213 9786 116.1 4.8 5.3
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Table A3. Quantification of clast size, volume, and estimated weight from location 3 at the east end of Playa El Confital.
The density of basalt at 2.84 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis of
competing equations. Abbreviation: EWH = estimated wave height.

Sample Long Intermediate Short Volume  Adjustto Weight Nﬁrtv[l_llﬂ PeEZVeI-tI al
p Axis (cm) Axis (cm) Axis (cm) (cm®) 80% (kg) P ’
(m) [19] (m)
1 53.5 26 24 33,384 26,707 75.8 5.4 54
2 45 29 22 28,710 22,968 65.2 4.5 5.0
3 31 26 17 13,702 10,962 31.1 3.1 3.8
4 50 30 23 34,500 27,600 78.3 5.0 5.2
5 33 25 17 14,025 11,220 31.9 33 3.8
6 100 70 45 315,000 252,000 713.7 10.0 10.2
7 22 18 17 6732 5386 15.3 22 3.8
8 25 13 115 3738 2990 85 25 2.6
9 27.5 12 10 3300 2640 7.5 2.8 2.3
10 52 23 14 16,744 13,395 38.0 52 32
11 17.5 20 20 7000 5600 15.9 1.8 45
12 44 11 11 5324 4259 12.1 44 2.5
13 47 19 19 16,967 13,574 38.6 4.7 4.3
14 35 11 11 11,235 3388 9.6 35 2.5
15 145 21 21 63,945 51,156 1453 14.5 4.8
16 26 10 10 2600 2080 59 2.6 2.3
17 13.5 7 7 662 529 15 1.4 1.6
18 32 6 6 1152 922 2.6 3.2 14
19 52.5 18 18 17,010 13,608 38.6 5.3 41
20 26 8 8 1664 1331 3.8 2.6 18
21 30 16 16 7680 6144 17.4 3.0 3.6
22 23 18.5 18.5 7872 6297 17.5 2.3 4.2
23 120 44 44 232,320 185,856 527.8 12.0 10.0
24 28 14 14 5488 4390 12.5 2.8 32
25 40 16 16 10,240 8192 23.3 4.0 3.6
26 18 45 45 365 292 0.8 1.8 1.0
27 26 8 8 1664 1331 3.8 2.6 1.8
28 21 5 5 525 420 12 21 11
29 19 6.5 6.5 803 642 1.8 1.9 15
30 17 4 4 272 218 0.6 17 0.9
Average 79 18 15.5 28,821 22,870 64.9 41 35
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Table A4. Quantification of clast size, volume, and estimated weight from location 4 on at the west end of Playa El Confital.
The density of basalt at 2.84 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis of
competing equations. Abbreviation: EWH = estimated wave height.

Sample Long Intermediate Short Volume  Adjustto Weight Nﬁrtv[l_llﬂ PeEZVeI-tI al
p Axis (cm) Axis (cm) Axis (cm) (cm®) 80% (kg) P ’
(m) [19] (m)

1 55 38 18 37,620 30,096 85.5 5.5 41
2 525 42 21 46,305 37,044 105.2 5.3 4.8
3 50 25 22 27,500 22,000 62.48 5.0 5.0
4 59 53.5 20 63,130 50,504 143.4 59 4.5
5 35 19.5 22 15,015 12,012 34.1 35 5.0
6 31 21 17 11,067 8854 25.1 3.1 3.8
7 30 13 6 2340 1872 5.3 3.0 14
8 52 20 15 15,600 12,450 354 52 3.4
9 35 31.5 15 16,538 13,230 37.6 35 3.4
10 25 9 8.5 1913 1530 43 25 19
11 52 16 8 6656 5325 15.1 5.2 1.8
12 24 23 19 10,488 8390 23.8 24 43
13 28 21 7.5 4410 3528 10.0 2.8 1.7
14 42 20 10 8400 6720 19.1 42 2.3
15 42 29 21 25,578 20,462 58.1 42 4.8
16 32 19 10.5 6384 5107 14.5 3.2 24
17 41 37 9 13,653 10,922 31.0 4.1 2.0
18 23 12 11 3036 2429 6.9 2.3 25
19 38 29 19 20,938 16,750 47.6 3.8 43
20 22 14.5 9.5 3031 2424 6.9 22 22
21 25 9 5 1125 900 2.6 2.5 11
22 30 11 6.5 2145 1716 4.9 3.0 15
23 22 11 8 1936 1549 44 2.2 1.8
24 49 38 24 44,688 35,750 101.5 49 5.4
25 51 34 30 52,020 41,616 147.7 5.1 6.8
26 41 19.5 14 11,193 8954 254 41 32
27 31 21 7 4552 3646 104 3.1 1.6
28 56.5 51 20 57,630 46,104 130.9 5.7 45
29 41 26.5 14 15,211 12,169 34.6 41 3.2
30 55 43 20 25,800 20,640 58.6 43 4.5
Average 39 25 145 18,530 14,823 43.1 39 33
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Table A5. Quantification of clast size, volume, and estimated weight from location 5 on at the west end of Playa El Confital.
The density of basalt at 2.84 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis of

competing equations. Abbreviation: EWH = estimated wave height.

Sample Long Intermediate Short Volume Adjust Weight Nﬁrtv[l_llﬂ Pe eE:tV:-II [19]
p Axis (cm) Axis (cm) Axis (cm) (cm®) to 80% (kg) 4 :

(m) (m)

1 57 28 22 35,112 28,090 79.8 5.7 5.0
2 76 37 20 56,240 44,992 127.8 7.6 45
3 38 28 27 28,728 22,982 65.3 3.8 6.1
4 46.5 30 20 27,900 22,320 63.4 4.7 4.5
5 46 34 22.5 35,190 28,152 80.0 4.6 5.1
6 61 30 21 38,430 30,744 87.3 6.1 4.8
7 45 38 11 18,810 15,048 427 45 25
8 59 43 38 96,406 77,125 219.0 59 8.6
9 114 97 27 298,566 238,853 678.3 11.9 6.1
10 81.5 42 25 85,575 68,460 194.4 8.2 5.7
11 43 28 17.5 21,070 16,856 47.9 43 4.0
12 41 28 13 14,924 11,939 33.9 4.1 29
13 39 33 17 21,879 17,503 49.7 39 3.8
14 30 25 7 5250 4200 11.9 3.0 1.6
15 22 115 6.5 1645 1316 3.7 22 15
16 27.5 14.5 4 1595 1276 3.6 2.8 0.9
17 20 8 5 800 640 18 2.0 1.1
18 32 27 27 23,328 18,662 53.0 3.2 6.1
19 19 10 7.5 1425 1140 32 1.9 17
20 17.5 16 9 2520 2016 5.7 18 2.0
21 27 17 6.5 2984 2387 6.8 2.7 15
22 22 12 6 1584 1267 3.6 2.2 14
23 12.5 7 4 350 280 0.8 1.3 0.9
24 19 11 10 2090 1672 4.7 1.9 2.3
Average 41.5 27 15.5 34,267 27,413 77.8 42 3.5
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Table A6. Quantification of clast size, volume, and estimated weight from location 6 on at the west end of Playa El Confital.
The density of basal at 2.84 g/cm? is applied uniformly in order to calculate wave height for each boulder on the basis of
competing equations. Abbreviation: EWH = estimated wave height.

Lon Intermediate Short Volume Adjust . EWH EWH
Sample Axis (cgm) Axis (cm) Axis (cm) (cm®) to ;0% Weight (kg) Nott [17] (m) Pepe f:na)l’ 1ol
1 58 54 34 106,488 85,190 242.0 5.8 7.7
2 214 94 50 1,005,800 804,640 2258.0 21.5 11.3
3 84 83 71 495,012 396,010 1124.6 8.4 16.1
4 47 33 26 40,326 32,261 91.6 4.7 5.9
5 33 17 13 7293 5834 16.6 3.3 29
6 50.5 49 28 69,286 55,429 157.4 5.1 6.3
7 70.5 52 32 117,312 93,850 266.5 7.1 7.2
8 85 44 32 119,680 95,744 2719 8.5 7.2
9 40 31 13 16,120 12,896 36.6 4.0 29
10 46.5 24 16 17,856 14,285 40.6 4.7 3.6
11 34.5 275 17.5 16,603 13,283 37.7 35 4.0
12 31 24 18 13,392 10,714 30.4 3.1 4.1
13 40.5 24 23 22,356 17,885 50.6 4.1 5.2
14 57 41 27 63,099 50,479 143.3 5.7 6.1
15 65 60 41 159,900 127,920 363.3 6.5 9.3
16 41 38 25 38,950 31,160 88.5 4.1 57
17 33 21 16 11,088 8870 25.2 33 3.6
18 92 61 26 145,912 116,730 331.5 9.2 59
19 27 11 11 3267 2614 74 2.7 25
20 44 41 7 12,628 10,102 28.7 44 1.6
21 13 9.5 5 618 494 14 1.3 1.1
22 30 30 29 26,100 20,880 59.3 3.0 6.6
23 41 27 18 19,926 15,941 45.3 4.1 4.1
24 41 24 15 14,760 11,808 33.5 4.1 34
Average 55 38 25 105,991 84,792 239.7 55 5.6
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Abstract: This project examines the role of high-latitude storms degrading a Holocene coast formed
by igneous rocks composed of low-grade chromite ore and dunite that originated within the Earth’s
crust near the upper mantle. Such rocks are dense and rarely exposed at the surface by tectonic events
in the reconfiguration of old ocean basins. An unconsolidated boulder beach occupies Stoypet valley
on Leka Island in northern Norway, formerly an open channel 10,000 years ago when glacial ice was
in retreat and rebound of the land surface was about to commence. Sea cliffs exposing a stratiform ore
body dissected by fractures was subject to wave erosion that shed large cobbles and small boulders
into the channel. Competing mathematical equations are applied to estimate the height of storm
waves impacting the channel floor and cliffs, and the results are compared with observations on
wave heights generated by recent storms striking the Norwegian coast with the intensity of an orkan
(Norwegian for hurricane). Lateral size variations in beach clasts suggest that Holocene storms struck
Leka Island from the southwest with wave heights between 5 and 7.5 m based on the largest beach
boulders. This result compares favorably with recent high-latitude storm tracks in the Norwegian
Sea and their recorded wave heights. The density of low-grade chromite ore (3.32 g/cm®) sampled
from the beach deposit exceeds that of rocks like limestone or other igneous rocks such as rhyolite,
andesite, and basalt taken into consideration regarding coastal boulder deposits associated with
classic hurricanes in more tropical settings.

Keywords: coastal storm deposits; storm surge; hydrodynamic equations; high-latitude settings

1. Introduction

Global Geoparks authorized by the United Nations Educational, Scientific and Cultural
Organization (UNESCO) have expanded in number since inception in 2000 to more than 160 units in
45 different countries. Geology in one form or another is the educational focus of such parks, but with
an emphasis on geotourism in support of conservation and the socioeconomic development of rural
areas [1]. Remote by nature, many islands possess features of extraordinary significance worthy of
development as geoparks. As an example, Iceland is iconic for its status as an island that straddles an
expanding oceanic ridge. The island boasts of two UNESCO geoparks, but the potential for several
additional parks is anticipated by local planners [2]. In Norway, the Trollfjell (Troll Mountain) Geopark
is an example of a well-organized geopark in a remote part of that country near the Arctic Circle
that includes many coastal islands with small communities. Stunning coastal scenery that enfolds
world-class aspects of geology in the Trollfjell Geopark also includes elements of regional folklore that
relate the landscape to its human occupation. Established in 2010, the National Norwegian Geological
Monument on Leka Island within the greater geopark boosts the program beyond that envisioned by
UNESCO [3]. The monument not only abets an increase in commerce through geotourism but also
attracts working geologists and geomorphologists who otherwise may not have known about the
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place. The dynamics foster a feed-back loop, through which a steady increase in knowledge adds to
the overall significance of geoheritage. The present contribution on a unique boulder beach and the
interpretation of its hydrodynamics is offered in that spirit.

The aim of this paper is to review unusual physical traits along one of the monument’s well-marked
trails at Stoypet near the north shore of Leka Island. In Norwegian, the word stoypet may be translated
as “the foundry” in reference to the rare igneous rocks and chromite ore concentrated at that place [4,5],
although there is no evidence that mineral extraction and smelting took place any time since human
occupation began in the earliest Holocene. The unique aspect of Stoypet as a geomorphologic and
cultural site is the accumulations of a boulder beach dominated by “rolling stones” eroded from
adjacent rocky shores composed of dunite and chromite. These ultramafic rocks originated in the
deepest part of the earth’s crust near the discontinuity with the upper mantle and register high
values of specific gravity that give them greater mass. The implication is that wave heights affecting
coastal surge were sufficiently powerful to remove joint-bound blocks from sea cliffs that resulted in
unusually dense boulders. The same mathematical equations for estimation of wave heights as applied
previously to other shores with boulders derived from more common source rocks of lesser mass,
including limestone, rhyolite, andesite, and basalt [6-9], are newly applied at Steypet. In addition,
the present-day steering winds and wave dynamics characteristic of Norway’s Arctic Circle region [10]
are reviewed in the context of prominent storms during recent decades in order to appraise the likely
direction of wave impact responsible for the boulder beach at Stoypet.

2. Geographical and Geological Setting

Open to the Norwegian Sea off the coast of northern Norway, Leka Island lies south of the Arctic
Circle within the Trollfjell Geopark (Figure 1a). Together with smaller Madseya, the two islands
combine for a total area of 57 km? (Figure 1b), and support a population of about 500 inhabitants.
From the mainland, the island is accessible by ferryboat across a 4-km wide strait. Norway’s National
Geological Monument offers an extensive system of hiking trails that are well laid out and include
educational trail-side markers with texts in Norwegian, English, and German. Several themes combine
to make the park an attractive experience, including local folklore. The island’s most prominent
landmark is a monolith at the side of Lekameoyhammaren Mountain (Figure 1b), said to embody a troll
maiden. The monolith (Figure 2a) is a sea stack composed of the igneous rock gabbro, now isolated
inland by postglacial rebound at an elevation 100 m above present-day sea level. Other effects of
coastal erosion are evident around the sea stack, where former sea cliffs show deep wear in the form
of surge channels cut and polished in gabbro basement rocks (Figure 2b). Detailed work by Hegaas
and Sveia (2015) that covers the inner (southeastern) part of Leka Island outlines slightly earlier shore
erosion by ice scour during the Younger Dryas interval of 12.8 to 11.5 thousand years ago [11].

Geologically, Leka Island is renowned for exposures of the igneous rocks dunite and harzburgite.
These are attributed to formation around the boundary between the Earth’s lower crust and upper
mantle, known as the Mohorovicic Discontinuity [4]. Such rocks are accessible in few other places
around the world where their occurrence is justly celebrated, most notably in Canada’s Gros Morne
National Park in western Newfoundland [12]. Enrichment in minerals belonging to the platinum
group, including gold, platinum, and chromium, also occurs as a dense chromite ore associated with
dunite on Leka Island [5]. Brought to the surface by tectonic events, these parent rocks were locally
subject to Holocene coastal erosion. Thus, today’s Leka Island represents a rare convergence of factors
related to the geology of deep ocean crust and the geomorphology of recent marine coastal erosion.

On the island’s north shore (Figure 1c), access to a Holocene valley crosses a seam of banded
chromite framed by outcrops of dunite (Figure 3) that is described by geopark signage. It is noticeable
that the chromite bands at this locality are dissected by joints and fractures typical of exfoliation under
subaerial conditions comparable to those in former sea cliffs elsewhere in Stoypet valley.
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Figure 1. The west coast of Norway and Leka Island: (a) Norway, showing latitude of the Arctic Circle
and region of the Trollfjell Geopark, (b) Leka Island and Madseya with details on highland peaks and
location of the Leka maiden monolith (asterisk), and (c) inset showing location the Steypet study site.

Figure 2. The raised shoreline now about 100 m above sea level at the base of Lekameyhammaren
Mountain (see Figure 1b): (a) Gabbro sea stack attributed by legend to the stony embodiment of the
Leka troll maiden (author for scale) and (b) wave-polished surge channel eroded in gabbro close by the

sea stack (figure for scale).
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Figure 3. Rough exfoliation of chromite bands (dark rocks) and dunite (pale rocks) at the northeast
(NE) end of Steypet valley 250 m from the island ring road on the access trail.

3. Materials and Methods

3.1. Data Collection

Leka Island was visited in July 2019, when the original data for this study were collected from an
unconsolidated beach deposit dominated by chromite cobbles and boulders at Stoypet. Individual
clasts from three stations each limited to collection within a 2-m span were measured manually in
three dimensions perpendicular to one another (long, intermediate, and short axes). The stations
are confined to a southwest (SW) to northeast (NE) trending valley that contains the Steypet beach
deposit. Differentiated from cobbles, the base definition for a boulder adapted in this exercise is that
of Wentworth (1922) for an erosional clast equal or greater than 256 mm in diameter [13]. No upper
limit for this category is defined in the geological literature [14]. Triangular plots were employed to
show variations in clast shape, following the design of Sneed and Folk (1958) for river pebbles [15].
Comparative data on maximum cobble and boulder dimensions were fitted to bar graphs to show
size variations in the long and short axes from one sample to the next. Fracture patterns in chromite
layers exposed along the valley floor and walls can be examined in two dimensions only, but roughly
rectangular outlines can be appraised for a comparison between the original source rocks and range of
three-dimensional clast sizes found in the beach deposit. A chromite cobble from the top of Steypet
was collected for laboratory determination of density in order to yield weight and volume assigned as
a function of equal displacement when submerged in a beaker of water. The commercial “Tour Map”
for Leka from 2017 [16] was scanned and adapted in preparation of a detailed base map representing
Steypet topography around the study site close to the north shore of Leka Island (see Figure 1c).
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3.2. Hydraulic Model

Dependent on the calculation of density for low-grade chromite, a hydraulic model may be applied
to predict the force needed to remove cobbles and boulders from a rocky shoreline with joint-bound
blocks as a function of wave impact. Chromite is an igneous rock that forms in the deepest part of
the Earth’s crust with variable thicknesses due to zonal banding. These factors mitigate the size and
shape of blocks loosened by storm waves once the crustal rocks are brought to the surface. Herein,
two formulas were applied to estimate the size of storm waves against joint-bound blocks derived,
respectively, from Equation (36) in the work of Nott [17] and from an alternative approach using the
velocity equations of Nandasena et al. (2011) [18] as applied by Pepe et al. (2018) [19]:
(5o

Hs =
S C[

M

Z(F)’;i) ¢ (cos O + s x sin 6)
Hs = - G /100 @

where Hs = height of the storm wave in meters at breaking point, ps = density of the boulder (tons/m?

or g/cm3), p, = density of water at 1.02 g/mL, a = length of boulder on the long axis in cm, 0 is the
angle of the bed slope at the pre-transport location (1° for joint-bounded boulders), yis is the coefficient
of static friction (= 0.7), Cj is the lift coefficient (= 0.178), and c is length of boulder on the short axis in
cm. Equation (1) is sensitive only to the length of a boulder on the long axis, whereas Equation (2) is
more sensitive to the length of a boulder on the short axis. Therefore, some differences are expected in
the estimates of Hg. It is noted that Equation (2) (above) was shown incorrectly in a previous paper
dealing with basalt boulder beds from Santa Maria Island in the Azores [9], although the accompanying
calculations were performed according to the proper formula.

4. Results

4.1. Base Map

The base map for the study site at Stoypet defines a narrow valley that crosses a topographic
saddle between prominent highlands at Steinstind and Hagafjellet, respectively, 190 and 345 m above
present-day sea level (Figure 4). The valley is accessed from two endpoints on the Leka Island ring road
and follows a well-marked geopark trail for a distance of 2 km. At the topographic saddle between
Steinstind and Hagafjellet, the NE to SW trending valley is 50 m wide at an elevation just under 100 m
above present sea level (Figure 5a).

The park trail leading from the NE trailhead (Figure 4) climbs a smooth gradient through the
deposit to the top located in mid-valley (Figure 5). The view to the northeast across the slope includes
the enclosing valley walls with interbedded chromite-dunite layers (Figure 6). Based on horizontal
distance in proportion to vertical rise, the slope from the NE direction amounts to 5°. The slope on the
opposite side that descends to the SW is similar in vertical drop over horizontal distance, but is broken
by a series of cobble-boulder ridges that make it difficult to project a simple gradient.

137



J. Mar. Sci. Eng. 2020, 8, 644
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Figure 4. Topographic base map for the study area and access trail at Stoypet in the National Norwegian
Geological Monument on Leka Island. The shaded area near the center represents the limits of an
unconsolidated cobble/boulder deposit at the pass between Steinstind and Hagafjellet. Black dots mark
the location of three sample sites. See Figure 1c for orientation with respect to the rest of the island.
See Figure 1c for location on Leka Island.

Figure 5. Details at the top of Steypet within a southwest to northeast (SW-NE) trending valley: (a) view
to the northwest across the cobble-boulder field perpendicular to the trend of the valley and (b) close-up
of cobbles and boulders dominated by chromite (darker rocks) with the clast at the center (marked by
tape-measure case) having a diameter of 26 cm across the long axis.
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Figure 6. View from the mid-valley beach deposit over the slope descending to the NE.

4.2. Fracture Pattern in Stoypet Valley Chromite Layers

The fracture pattern in chromite layers interbedded with dunite is characteristic of basement
rocks exposed in the valley floor (Figure 3) and south wall of Steypet valley near its opening to the
northeast (Figure 7a). In closer view (Figure 7b), the pattern of vertical joints seen in two dimensions
defines columns roughly 40 cm wide. The resulting fractures in combination with horizontal layering
results in a two-dimensional outline of rectangular shapes. A set of measurements in two dimensions
is represented by a small sample from the outcrop surface. The larger rectangle defined by fractures at
the center of Figure 7b is 33 x 21 cm. Smaller rectangles in the layer directly above measure 16 X 9 cm
and 11.5 x 10 cm, respectively. Not shown in its entirety (Figure 7b), a much larger rectangle at the side
has a height of at least 43 cm. This general pattern would have been subject to hydraulic pressure and
plucking during wave impact in the early Holocene when Steypet valley was first flooded. Initially,
any blocks so removed from chromite sea cliffs would have been rectilinear in three dimensions prior to
the rounding of cobbles and small boulders that resulted from clast abrasion. The size range of cobbles
and small boulders in the boulder beach at the top of Steypet (Figure 5a) readily fit with this pattern
of fracture-size and shapes. Calculations for 80% of volume from a three-dimensional cubic solution
(Appendix A and Tables A1-A3) is a rough estimate for the size reduction of individual cobbles and
boulders that underwent abrasion after removal from sea cliffs during contact with one another under
storm conditions.
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Figure 7. Natural fracture pattern in chromite layers interbedded with dunite exposed in the south
wall of Steypet valley: (a) view to the south at the northeast end of Steypet valley showing chromite
layers approximately 4 m thick and (b) close-up view showing vertical joints spaced about 40 cm apart.

4.3. Chromite Ore Density

The sample of low-grade chromite ore collected at Stoypet yielded a value of 3.32 g/cm?® for density
based on a small cobble weighing 83 gm and displacing an equivalent volume of water amounting to
25 m. The number is derived by dividing weight by volume. This value was applied uniformly to all
clasts listed in Tables A1-A3.

4.4. Comparative Variation in Clast Shapes

Raw data on clast size in three dimensions collected from each of the three sample sites are shown
in Appendix A (Tables A1-A3). With regard to shape, points representing individual cobbles and
boulders are fitted to a set of Sneed-Folk triangular diagrams (Figure 8a—c). The spread of points
across these plots consistently shows a strong similarity in the variation of shapes from one sample
to another. Few points fall into the upper-most triangle, which represents an origin from a perfectly
cube-shaped endpoint as a joint-bound block. The majority of points in each sample fall within the
middle part of the two tiers below the top triangle. Those points clustered at the core of any given
triangular plot are representative of clasts for which two of the three dimensions are close in value.
Relatively few points fall into the middle-right and lower-right domains of the field, which signify
a tendency toward development of elongated shapes eroded from source rock exposed in sea cliffs.
The composite slope of points suggests a diagonal trend in orientation, although the majority of points
cluster vertically within the two central boxes. There is a total absence of points plotting within the left
side and lower left part of the plots. The overall aspect of distributed points in these plots signifies
the rounding of clasts in which two of the dimensions (preferentially the maximum and intermediate
lengths) are closely matched.
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Figure 8. Set of triangular Sneed—Folk diagrams used to appraise variations in cobble and boulder
shapes: (a) trend from sample 1 on the SW flank of Steypet, (b) trend sample 2 at the top, and (c) Trend
from sample 3 on the NE flank of Steypet.

4.5. Comparative Variation in Clast Sizes

Clast size is conveniently plotted on bar graphs as a function of maximum and minimum length
drawn from the original data (Tables A1-A3). The results for each of three field samples are paired
according to size intervals at 5-cm intervals with the boundary between large cobbles and small
boulders clearly marked at a diameter above 25 cm (Figure 7). The field locality for sample 1 sits below
the crest of the pass between Steinstind and Hagafjellet on the SW side of Steypet valley about 75 m
above sea level (Figure 4). The ratio of cobbles to boulders from the sample drawing on maximum
clast length is 2:3 (Figure 9a). An equal number of large cobbles and small boulders plot adjacent to
one another in bins at the definitional boundary, but the plot is skewed with two individual boulders
having a maximum length between 41 and 50 cm. The general shape of clasts from this sample is
demonstrated by comparison with the plot for minimum length in which the majority of clasts align
below the boundary between cobbles and boulders (Figure 9b). The field locality for sample 2 occurs
at the top of the pass between Steinstind and Hagafjellet at the midpoint of Steypet valley just below
100 m in altitude (Figures 4 and 5). Drawing on data for maximum clast length (Table A2), the ratio of
large cobbles to small boulders is 1:7 (Figure 9c¢), which is significantly different from the example in
sample 1 (Figure 9a). The number of clasts that plot adjacent to one another in bins at the definitional
boundary are sharply divergent, with small boulders outnumbering large cobbles by more than 3 to 1.
The graphs for maximum clast length in Figure 9a, ¢ are more alike with respect to outliers of boulders
having a maximum length between 41 and 50 cm. With regard to the range in clast sizes drawn from
the short axis, sample 2 includes no boulders at all (Figure 9d), which is a departure from sample 1 in
this regard (Figure 9b).
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Figure 9. Set of bar graphs used to contrast variations in maximum and minimum clast length from
three samples in Stoypet valley: (a,b) bar graphs from Locality 1 on the SW flank of the deposit, (c,d) bar
graphs from Locality 2 at the top of Steypet, and (e,f) bar graphs from Locality 3 on the NE flank of
the deposit. Dashed line (offset to represent 26.6 mm) marks the boundary between large cobbles and

small boulders.

Like the field locality for sample 1, sample 3 sits at an elevation about 75 m above sea level but

on the opposite NE side of Stoypet valley below the crest of the pass (Figure 4). Based on data for
maximum clast length in this sample (Table A3), the ratio of cobbles to boulders is more balanced,
but the quantity of boulders outnumbers that for cobbles and the ratio between large cobbles and
boulders in adjacent bins is 1:2 (Figure 9e). There exist fewer outliers of larger boulders in this sample
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compared to samples 1 and 2 and the number of smaller cobbles in the opposite extreme also exceeds
that found in samples 1 and 2 (compared Figure 9a,c,e). Data plotted in bar graphs on the basis of
the shortest axis on clasts from sample 3 not only lack boulders but also the class of largest cobbles in
size between 21 and 25 cm. In total (Figure 9), the side-by-side plots for sample 3 exhibit a marked
downward shift in clast size compared to those from samples 1 and 2.

4.6. Storm Intensity as Function of Estimated Wave Height

Average clast sizes and maximum boulder sizes from the three field samples are summarized
in Table 1, allowing for direct comparison of mean values for all clasts, as well as values for the
largest clasts in each sample based on Equations (1) and (2) derived from the work of Nott [17] and
Pepe et al. [19]. The Nott formula [17] shown in Equation (1) yields an average wave height of 3.6
m for the extraction of joint-bound blocks from chromite sea cliffs and their subsequent transfer as
beach cobbles and boulders in samples 1-3. According to these results, the mean wave height that
impacted shores along the midpoint of Steypet valley and led to the boulder beach on the saddle
between Steinstind and Hagafjellet was greatest at 4.1 m. The formula influenced by Pepe et al. [19]
showed in Equation (2) yields higher values across all categories with the mean wave height also at the
valley’s midpoint reaching a value of 4.8 m. Taking into consideration the largest individual boulders
from the three samples (Tables A1-A3), Equation (2) differs from Equation (1) in showing a decline in
wave heights from the SW end to the NE end of the valley with the most dramatic reduction to 5.2 m
(Table 1).

Table 1. Summary data from Appendix A (Tables A1-A3) showing maximum bolder size and
estimated weight compared to the average values for sampled boulders from each of the transects
together with calculated values for wave heights estimated as necessary for boulder-beach mobility.
Abbreviations: Max. = maximum, EAWH = estimated average wave height, EMWH = estimated
maximum wave height.

Number Average Average EAWH EAWH Max. Max. EMWH EMWH

Steypet of Boulder Boulder (m) (m) Boulder Boulder (m) (m)
Locality Samples Volume  Weight Nott Pepeet Volume Weight Nott Pepe et
P (cm®) (kg) [17] al. [191  (emd) (kg) [17] al. [19]

1 25 8136 27 3.6 4.6 33,600 112 6.5 7.7

2 25 9786 33 4.1 4.8 21,120 70 52 72

3 25 4949 16 32 3.5 10,886 36 3.6 52

Average 25 7624 25 3.6 43 21,869 73 5.1 6.7

5. Discussion

5.1. Physiographic Changes in Island Size

In the context of Leka Island’s general physiography, the midpoint of Steypet valley reflects
postglacial uplift of the surface from earliest Holocene sea level to nearly 100 m above contemporary
sea level mid-valley. This amount of rebound is commensurate with uplift of the sea stack at the SE
end of the island said by legend to embody the Leka troll maiden (Figures 1 and 2a). In terms of
physical geography prior to uplift, Stoypet valley evolved from an open channel that isolated the
adjacent heights of Steinstind and Nerskard as a separate entity from the rest of Leka Island. The core
of the smaller island would have stood about 80 m above earliest Holocene sea level. The high point of
Hagafjellet on the opposite side of the channel was 220 m above earliest Holocene sea level. Cobbles and
boulders of chromite and dunite eroded from the facing sea cliffs along the channel began to accumulate
as a beach deposit mid-channel, eventually forming a dry connection between the main island and
Steinstind. Three archaeological sites are marked on the northwest (NW) embankment overlooking the
Steypet channel [16] that were occupied by immigrants who arrived sometime after the local retreat of
ice at the end of the Younger Dryas about 11,500 years ago. Cave paintings at nearby Solsem on Leka
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Island are dated to the earliest Bronze Age, although Stone Age finds have been excavated from the
cave floor [20]. Precise dating for the onset of human occupation in North Trondelag (including Leka
Island) is poorly documented, but data from carbon-14 testing in neighboring Nordland and farther
north in Troms and Finnmark indicate a pattern of first settlements spanning 9000 to 6000 years ago [21].
Erosion by ice scour along the inner passage between Leka Island and the Norwegian mainland left
a distinctive trace correlated with the Main Line now found at a higher elevation between 106 and
112 m above today’s sea level [11]. Amalgamation of beach deposits during Holocene time added
to the base of the mid-channel connection between Steinstind and Hagafjellet as the land on both
sides continued to rebound after ice retreat. The loose “rolling stones” deposited in Steypet valley
formed a 50-m wide and 300 m in length plug (Figure 4). In some respects, the deposit on the SW flank
may be compared to beach ridges commonly formed in more tropical latitudes as a result of cyclonic
storms [22], some of which can be dated by radiometric analysis drawn from coral heads incorporated
within distinct ridges. No such method of absolute dating for the testing of storm frequency is possible
in Stoypet valley, but the centrality of the deposit far from present-day shores at opposite ends of the
valley makes it clear that channel erosion ceased long ago.

5.2. Direction of Holocene Storms

Application of Equation (1) from Nott [17] and Equation (2) influenced by Pepe et al. [19] differs
in results estimating the magnitude of waves impacting sea cliffs along the Holocene Steypet channel,
but agrees in the relative ranking of wave energy responsible for transferal of chromite clasts to the
three sample sites. Maximum wave energy appears to have focused on the SW part of the channel
relative to field sample 1, followed by a reduction in wave energy mid-channel relative to field sample
2, with registration of the lowest wave energy in regard to field sample 3 in the NE part of the channel.
From these data (Table 1), it may be argued that initiation of the beach deposit occurred in the vicinity
of field sample 1, but that beach ridges pushed farther into the channel as typified by field sample 2.
The same amount of surface rebound should have resulted along the entire length of Stoypet valley,
but the nearly 25 m difference in elevation comparing the altitude of the deposit’s axial midpoint
(field sample 2) to the its SW and NE extensions is likely due to the formation of a central storm ridge
at the same time when uplift began to occur throughout the rest of the island consistent with that
around the Leka maiden’s Holocene sea stack (Figure 1). The wider mouth of Steypet channel and its
emergent valley at one end (Figure 4) also may have influenced the funneling of storm waves that
entered from the SW. The smaller clast sizes evident from field sample 3 (Table A3 and Figure 9e,f) can
be interpreted as a result of waves that overtopped the central storm ridge and sent lesser clasts down
the apparent lee side of the beach to accumulate on a smooth 5° slope. Such a hypothesis posits that
early Holocene storms in the Norwegian Sea were more likely to have arrived from the SW, trending
to the NE against the adjacent Norwegian mainland. The downward shift in clast sizes from sample
3 (Figure 9e,f) compared to samples 1 (Figure 9a,b) and 2 (Figure 9¢,d) implies that a different wave
regime may have been in place on the NE end of the valley compared to the SW end.

5.3. Inference from Historical Storms

Observations on the steering winds in Norway’s Arctic Vestifjord district north of Leka Island
are summarized by Jones et al. (1997), based on information derived from weather stations on small
islands in the Norwegian Sea as well as the Norwegian mainland [10]. Cod fishing in this district
has a long history as a major industry dating back centuries [23], and the difference between winter
and summer weather is well known. During the winter months when the fishing season is in play,
the dominant winds arrive from the southwest commonly interpreted as fresh breezes between 4 and 5
on the Beaufort scale. However, there is a 10% chance that gale-force winds (8 on the Beaufort scale)
will occur with wind speeds reach 20.7 m/s. During the summer months, lighter winds generally
arrive from the NE and gale-force winds are rare, comprising less than 1% of station observations [10].
Hurricanes are a seasonal feature of tropical and subtropical settings uncharacteristic for Boreal Seas.
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Technically, they are a tropical to subtropical phenomenon that depends on high ocean-surface water
temperatures and excessive air moisture [22]. During the last decade (2011 to 2020), four storms
assigned to the category of “orkan” by the Norwegian Meteorological Institute [24-27] struck the
Norwegian coast including the vicinity of Leka Island (Table 2). These specific storms share a general
history of duration lasting 48 h, or more, with a frequency of arrival every second year. Clearly, these
factors play a role in beach dynamics related to clast size.

Table 2. Impact of superstorms in the North Trondelag and Nordland districts of coastal Norway
summarized from reports issued by the Norwegian Meteorological Institute.

Direction of Maximum Wind Maximum Wave
Storm Name Date of Landfall Arrival Speed (m/s) Height (m)
Dagmar [24] 25 December 2011 SWto W 35-40 Unknown
Hilde [25] 16 November 2013 SW 40-50 12-24
Tor [26] 7 January 2016 SW 35-45 9-12
Cora [27] 1 January 2018 SW to NW 45-55 Unknown

The direct translation of the Norwegian word “orkan” to English is hurricane, and the NMI's
basis for such storms is defined by a minimum wind speed of 32.7 m/s. Major storms in high latitudes
express a cyclonic circulation similar to hurricanes, but originate independently of water vapor arising
from excessively high ocean-surface water temperatures. Instead, they rely on the acceleration of
weather fronts with extreme contrasts in air temperature on opposite sides of the line [28]. Based on
the Saffir-Simpson hurricane wind scale, a wind speed of 32.7 m/s falls below the range of a Category 1
hurricane with wind speeds between 33 and 42 m/s. During the last decade, at least two major storms
reached the North Trondelag and Nordland districts of Norway packing maximum wind speeds
of 50 m/s or higher that according to the Saffir-Simpson scale qualify as Category 3 disturbances.
Based on standard energy calculations in mega joules, a high-latitude storm of the kind reaching
the mid-section of Norway in recent years expends roughly 50% of the energy of a large tropical
hurricane [28], but such a release is sufficient to do extensive damage to coastal infrastructure and
erode coastal shores. It is notable that all four superstorms reaching North Trondelag and Nordland
including Leka Island arrived from the southwest (Table 2). The local climate in this area following the
retreat of glaciers 10,000 years ago was sure to have been more extreme than today, but the arrival
pattern of today’s major storms fits with the physical characteristics of Holocene boulder deposits
filling Steypet valley. Moreover, it is notable that even the lower range of storm-wave heights reported
for Hilde and Tor [25,26] exceed the storm-wave heights estimated to have entered the Holocene
channel.5.4. Contrast with Coastal Deposits Elsewhere

Holocene deposits formed by unconsolidated cobbles and boulders are widely distributed all
around the world, but studies in coastal geomorphology seldom take into account rock density as
related to variability in parent rock types when investigating the range of wave heights necessary for
their development. Equation (1) as derived from Nott [17] has been applied to coastal boulder deposits
throughout Mexico’s Gulf of California, including those formed by limestone, rhyolite, and andesite
clasts [6-8]. Extension of this work to include Equation (2) as influenced by Pepe et al. [19] also
has been applied to coastal basalt deposits in the Azores [9]. The variation in density among these
rock types ranges from 1.86 g/cm? for limestone, 2.16 g/cm? for the rhyolite, 2.55 g/cm? for andesite,
and 3.0 g/cm? for basalt. Cobbles and boulders of low-grade chromite ore that are the subject of the
present study register a higher density measured as 3.32 g/cm® and high-grade chromite ore is known
to yield an even greater value. Limestone differs from the others as a marine product derived mostly
from organic materials, whereas the rest are igneous rocks some of which like rhyolite and andesite
typically form under subaerial conditions as volcanic flows. The limestone, rhyolite, and andesite all
produce stratified bodies that sooner or later become subject to joints that break perpendicular to the
bedding plane. Basalt may issue under subaerial conditions subject to jointing in the same way, but also
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forms under submarine conditions that entail a different style of accumulation as pillow-shaped bodies,
typical on Santa Maria Island in the Azores [9]. Dunite and chromite as found exposed on Norway’s
Leka Island are igneous rocks that originated deep within the Earth’s crust but also under conditions
that allowed for stratified bodies associated with serial injections of magma that cooled slowly one
after the other. The key similarity among all these rock types is the appearance of horizontal partings
cut by joints and fractures. In sea cliffs subject to wave erosion, it is the configuration of layering
dissected by joints common to all such rocks that determines the effectiveness of storms to detach
blocks subsequently incorporated in coastal boulder deposits.

Rock density is an important factor in coastal erosion, because a storm wave of any given height
will behave differently depending on the degree of stratification and jointing in the parent sea cliff.
The same wave will have the capacity to dislodge a larger, less dense block of limestone compared
to a smaller, denser block of basalt or chromite. Another factor to be considered is the difference
between tropical hurricanes limited to lower latitudes and Boreal storms characteristic of higher, more
poleward latitudes. The largest block detached from a limestone sea cliff by Holocene hurricanes in
the Gulf of California is estimated to weigh 28 metric tons [6], whereas limestone blocks between
100 and 200 metric tons are attributed to detachment from sea cliffs in the Philippines during Super
Typhoon Haiyan in 2013 [29]. However, the erosional effectiveness of tropical hurricanes compared
to Boreal storms is not to be underestimated on account of movements in blocks weighing as much
as 620 metric tons during the winter storms of 2013-2014 against limestone sea cliffs in western
Ireland [30]. By comparison, the chromite cobbles and boulders entrained as a Holocene beach deposit
in Stoypet valley are exceedingly small, but with a much greater density than limestone. Studies on
the geomorphology of boulder deposits composed of other rock types such as granite and gabbro are
to be encouraged.

6. Conclusions

Study of the cobble-boulder beach entrained in Steypet valley on Norway’s Leka Island offers
insights based on mathematical equations for estimation of Holocene wave heights and wave heights
from recent superstorms in the same region:

e  The unconsolidated cobble-boulder beach preserved as a Holocene deposit in Steypet valley is
unique due to components of low-grade chromite ore and the igneous rock dunite that originated
deep within the Earth’s crust. In particular, chromite is a dense rock seldom exposed at the surface
and more rarely in coastal settings subject to wave erosion.

e  Present-day Steypet valley originated as a marine channel that separated part of the island’s
north shore from the rest of the island in early Holocene time when free passage from one end to
the other end was possible prior to surface rebound after the retreat of glacial ice. The valley’s
mid-point is close to 100 m above present-day sea level with the upper 25 m occupied by the
cobble-boulder beach.

e Data on size variations in clast size from three field samples in Stoypet valley suggest that
Holocene storms entered the former channel from the SW, which is consistent with the approach
by recent storms of hurricane strength on the same coast in North Trondelag and Nordland near
the Polar Circle.

e The density of constituent clasts derived from low-grade chromite ore eroded by storm waves
from joint-bound sea cliffs is 45% more dense than limestone boulders and 25% more dense than
andesite boulders previously studied in coastal deposits elsewhere. Although chromite boulders
from Leka Island are small in comparison, the energy expended by storm waves to free blocks of
chromite from joint-bound sea cliffs would have been greater normalized for unit volume than for
limestone or other igneous rocks like andesite.

e  Different equations used to estimate the height of storm waves eroding sea cliffs with joint-bound
rocks differ in results as found in the formulations applied from Nott [17] and updated by
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Pepe et al. [19]. In this study, the latter yielded estimates from 12% to 24% higher depending on
analysis of mean clast size or maximum clast size. Holocene wave heights estimated by both
equations are within the range of observed wave heights during major storms in the same region.

The Norwegian National Geological Monument within the Trollfjell (Troll Mountain) Geopark
already provides an outstanding resource for visitors of all ages and educational backgrounds to learn
about earth processes and achieve a better appreciation for our common geoheritage. Its significance
can be expected to grow with visitors offering fresh input from different perspectives.
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Appendix A
Table Al. Quantification of clast size, volume, and estimated weight from a sample on the SW flank of

Stoypet (locality 1). The density of low-grade chromite at 3.32 g/cm® is applied uniformly in order to
calculate wave height for each boulder. Abbreviation: EWH = estimated wave height.

Lor.lg Intern.lediate Shqrt Volume Adjust Weight Ewh Ewh Pepe
Sample Axis Axis Axis 3 o Nott [17]  etal. [19]
(cm?) to 80% (kg)

(cm) (cm) (cm) (m) (m)

1 29 19 16 8816 7053 23 3.7 4.6
2 22 18 18 7128 5702 19 2.8 52
3 24 22 12 6336 5069 17 3.1 3.4
4 23 14 12 3864 3091 10 3.0 3.4
5 25 18 6 2700 2160 7 32 1.7
6 18 14 11 2772 2218 7 23 3.1
7 32 17 12 6528 5222 17 41 34
8 23 20 20 9200 7360 24 3.0 5.7
9 32 17 15 8160 6528 22 41 43
10 34 20 20 13,600 10,880 36 44 5.7
11 30 20 20 12,000 9600 32 39 5.7
12 26 19 15 7410 5928 20 3.4 4.3
13 50 30 28 42,000 33,600 112 6.5 8.0
14 34 23 20 15,640 12,512 42 44 57
15 27 24 17 11,016 8813 29 3.5 49
16 24 24 20 11,520 9216 31 3.1 5.7
17 22 17 10 3740 2992 10 2.8 29
18 28 20 18 10,080 8064 27 3.6 52
19 26 18 16 7488 5990 20 3.4 4.6
20 23 17 15 5865 4692 16 3.0 4.3
21 44 30 27 35,640 28,512 95 57 7.7
22 26 20 14 7280 5824 19 34 4.0
23 26 17 14 6188 4950 16 3.4 4.0
24 26 14 14 5096 4077 14 3.4 4.0
25 23 14 13 4186 3349 11 3.0 3.7
Average 279 19.4 l6.1 10,170 8136 27 3.6 4.6
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Table A2. Quantification of clast size, volume, and estimated weight from a sample at the top of the

pass at Stoypet (Locality 2). The density of low-grade chromite at 3.32 g/cm3 is applied uniformly in

order to calculate wave height for each boulder. Abbreviation: EWH = estimated wave height.

Lox'lg Intern'lediate Sh({l‘t Volume Adjust Weight EWH EWH Pepe
Sample Axis Axis Axis 3 o Nott [17] et al. [19]
(cm?) to 80% (kg)

(cm) (cm) (cm) (m) (m)

1 38 21 16 12,768 10,214 34 49 46
2 33 22 19 13,794 11,035 37 43 5.4
3 42 26 19 20,748 16,995 56 5.4 5.4
4 27 20 12 6480 5184 17 3.3 3.4
5 32 16 15 7680 6144 20 4.1 43
6 27 15 10 4050 3240 11 3.3 2.9
7 22 20 18 7920 6336 21 2.8 5.2
8 33 23 16 12,144 9715 32 43 4.6
9 26 19 18 8892 7113 24 3.4 5.2
10 36 22 16 12,672 10,137 34 47 4.6
11 24 19 13 5928 4742 16 3.1 3.7
12 29 20 18 10,440 8352 28 3.7 5.2
13 26 20 19 9880 7904 26 3.4 5.4
14 26 17 16 7072 5658 19 3.4 4.6
15 46 26 20 23,920 19,136 64 59 5.7
16 29 20 11 6380 5104 17 3.7 3.1
17 37 28 25 23,125 18,500 61 48 7.2
18 30 29 13 11,310 9048 30 3.9 3.7
19 35 29 20 20,300 16,240 54 45 5.7
20 33 23 20 15,180 12,144 40 43 57
21 30 19 19 10,830 8664 29 3.9 5.4
22 23 18 14 5796 4637 15 3.0 4.0
23 30 22 17 11,220 8976 30 3.9 49
24 40 30 22 26,400 21,120 70 52 6.3
25 34 18 17 10,404 8323 28 44 49
Average 315 21.7 17 12,213 9786 33 4.1 48

Table A3. Quantification of clast size, volume, and estimated weight from a sample on the NE flank of
Stoypet (Locality 3). The density of low-grade chromite at 3.32 g/cm? is applied uniformly in order to
calculate wave height for each boulder. Abbreviation: EWH = estimated wave height.

Lor}g Intern}ediate Shqrt Volume Adjust Weight EWH EWH Pepe
Sample Axis Axis Axis 3 o Nott [17]  etal. [19]
(cm?) to 80% (kg)
(cm) (cm) (cm) (m) (m)
1 29 20 16 9280 7424 25 37 4.6
2 30 19 18 10,260 8208 27 3.9 52
3 34 20 16 10,880 8704 29 44 46
4 26 15 15 5850 4680 16 34 43
5 29 20 14 8120 6496 22 37 4.0
6 26 21 12 6552 5242 17 3.4 34
7 24 20 14 6720 5376 18 3.1 4.0
8 21 16 8 2688 2150 7 2.7 23
9 20 19 13 4940 3952 13 26 37
10 17 17 16 4624 3699 12 22 4.6
11 18 15 13 3510 2808 9 23 3.7
12 26 17 10 4420 3536 12 34 29
13 27 20 16 8640 6912 23 35 4.6
14 27 20 10 5400 4320 14 3.5 29
15 32 24 15 11,520 9216 31 41 43
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Table A3. Cont.

Lon Intermediate  Short . . EWH EWH Pepe
Sample Axisg Axis Axis V((lll:‘?;e ﬁ)dslg‘;t ‘Aﬁ:g)h Y Nott [17]1  etal. [1;)]
(cm) (cm) (cm) ° & (m) (m)
16 24 12 11 3168 2534 8 3.1 3.1
17 30 20 13 7800 6240 21 39 3.7
18 28 27 12 13,608 10,886 36 3.6 34
19 20 15 6 1800 1440 5 2.6 1.7
20 18 13 8 1872 1498 5 2.3 2.3
21 26 20 8 4160 3328 11 34 2.3
22 26 22 13 7436 5949 20 34 37
23 25 20 8 4000 3200 11 32 23
24 25 20 10 5000 4000 13 3.2 29
25 20 15 8 2400 1920 6 2.6 2.3
Average 25 18.7 12 6186 4949 16 3.2 35
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Abstract: Coastal megaclast deposits are dominated by detrital particles larger than 1 m in size.
These attract significant attention of modern researchers because of the needs of sedimentary rock
nomenclature development and interpretation of storm and tsunami signatures on seashores. If so,
finding localities that exhibit coastal megaclast deposits is an important task. Field studies do not
offer a quick solution, and, thus, remote sensing tools have to be addressed. The application of
the Google Earth Engine has permitted to find four new localities, namely Hondarribia in northern
Spain (Biscay Bay), the Ponza Island in Italy (Tyrrhenian Sea), the Wetar Island in eastern Indonesia
(Banda Sea), and the Humboldt o Coredo Bay at the Colombia/Panama border (eastern Pacific).
In these localities, coastal megaclast deposits consisting of blocks (1-10 m in size) and some megablocks
(>10 m in size) are delineated and preliminary described in regard to the dominant size of particles,
package density, mode of occurrence, etc. The limitations of such virtual surveys of coastal megaclast
deposits are linked to an insufficiently high resolution of satellite images, as well as ‘masking’ effects of
vegetation cover and cliff shadows. However, these limitations do not diminish the importance of the
Google Earth Engine for finding these deposits. Consideration of some tourism-related information,
including photos captured by tourists and bouldering catalogues, facilitates search for promising
areas for subsequent virtual surveying of megaclast distribution. It is also established that the Google
Earth Engine permits quantitative analysis of composition of coastal megaclast deposits in some
areas, as well as to register decade-long dynamics or stability of these deposits, which is important to
interpret their origin. The current opportunities for automatic detection of coastal megaclast deposits
seem to be restricted.

Keywords: large clasts; remote sensing; bouldering tourism; Iberian Peninsula; Mediterranean;
Indonesia; Central America

1. Introduction

Coastal sediment dynamics is always highly complex, and, thus, it provides a lot of issues for
geoscience investigations. An interest in nomenclature development for large clasts that started near the
end of the 20th century [1] and attention to coastal hazards facilitated by the Indian Ocean Tsunami of
2004 [2] have shaped a new international research direction, namely megaclast studies [3]. Megaclasts of
ocean and sea coasts have been investigated most intensively. These studies have been conducted in so
different places of the world as Baja California in Mexico [4,5], North Eleuthera of the Bahamas [6,7],
and Rabat in Morocco [8]. Although the works have tended to focus on only some regions like the
Mediterranean (e.g., [9-13]), the global evidence of large clast accumulations has become huge already,
and it continues growing. This evidence requires extension and generalization for further conceptual
treatment. Previous reviews of rocky shores [14] and megaclasts [3] confirm such research is promising.
Undoubtedly, coastal megaclast deposits of Quaternary age are of special importance because the
evidence of such deposits from the earlier geological periods remains scarce [3,15].

J. Mar. Sci. Eng. 2020, 8, 164; d0i:10.3390/jmse8030164 151 www.mdpi.com/journal/jmse



J. Mar. Sci. Eng. 2020, 8, 164

Coastal megaclast deposits attract significant attention of modern researchers for two aspects.
The first aspect is the development of large clast nomenclature. Somewhat coherent and somewhat
alternative proposals were made by Blair and McPherson [1], Bruno and Ruban [16], Blott and Pye [17],
and Terry and Goff [18]. Additionally, Cox et al. [10] offered a novel approach for measurements
of roundness of megaclasts, and, thus, the noted nomenclature development should emphasize not
only on grain-size categories, but also on various morphological parameters. The second aspect
of coastal megaclast deposits is linked to genetic investigations and, particularly, interpretations of
the evidence of past storms and tsunamis (storm-versus-tsunami origin of megaclasts is a popular
and hotly-debated topic in the modern sedimentology) [4-13,19-28]. Irrespective of which of these
aspects and particular opinions to follow, finding new localities coastal megaclast deposits is of utmost
importance. The knowledge from the ‘classical” localities like those studied in the Bahamas [6,7]
and western Ireland [29-35] need extension and refinement with the information from many other
localities of the world. Although megaclast studies are urgent and relatively cheap, the circle of the
involved researchers remains too restricted to expect documentation of even a triple of all megaclast
localities. Moreover, some of the latter can be situated in remote places travelling to where faces serious
difficulties in regard to researchers time, safety, and expenses.

The dilemma of the high demand for the really global knowledge of megaclasts contrasting the
geographical restriction of their research can be addressed with application of the modern remote
sensing techniques. Particularly, the Google Earth Engine [36,37] seems to be promising due to by
definition a big size of megaclasts that makes these well visible on satellite images. The extraterrestrial
investigations of megaclasts have proven efficacy of similar approaches [16]. The objective of the present
paper is to demonstrate the application of the Google Earth Engine for finding coastal megaclast deposits
on the basis of several representative examples. This experience permits also to highlight perspectives
and restrictions of this approach. In the other words, the focus of this paper is methodological, and it
concerns chiefly virtual identification of localities, not comprehensive sedimentological description
of deposits represented there. In this paper, it is also undertaken to summarize briefly the available
information on megaclasts in some major regions of the Earth in order to demonstrate how finding
new localities can fill geographical gaps in the knowledge of megaclast distribution along coasts.

2. Methodology

Large clasts are detrital sedimentary particles larger than 256 mm in size, according to the standard
Udden-Wenthworth classification, or larger than 100 mm, according to the alternative classification
proposed by Bruno and Ruban [16]. Boulders are large clasts with the size ranging between 0.10 and
1 m, and megaclasts are detrital sedimentary particles larger than 1 m in size [16]. However, it should
be noted that different researchers proposed the different lower limit for this category of particles (=
the different upper limit of boulders) [1,17,18]. Depending on their size, megaclasts can be subdivided
into blocks (1-10 m), megablocks (10-100 m), and superblocks (>100 m) [16]. Coastal boulder deposits
are distributed along coasts of seas, oceans, and great lakes and include a significant amount of large
clasts (true boulders and megaclasts); these deposits associate often with rocky shores and reflect
influences of storms and tsunamis and the relevant clast transport (inland, above high-water mark,
and even to the cliff-top position) [13,20,27]. Synonymous terms are boulderite coined by Dewey and
Ryan [21], boulder beach [19,38-40], and boulder field [8,41]. Finally, coastal megaclast deposits are
coastal boulder deposits dominated by clasts larger than 1 m in size or, at least, bearing recognizable
accumulations of such clasts.

The Google Earth Engine is a software that offers satellite images of different scales for the
planetary surface and allows their analysis; it also incorporates well-justified cartographical basis,
GIS technologies, and some other information, including photos provided by the users. This instrument
can be applied successfully for solution of various geoscience tasks [36,37]. For instance, it has been
used efficiently in landslide susceptibility mapping [42,43]. The most elementary function of the
Google Earth Engine is visual surveying of the Earth surface at an appropriate resolution. Taking into
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account that megaclasts are >1 m in size, the resolution of the available satellite images permits finding
them in almost all regions and describing them preliminarily when image resolution is especially high.
A significant advantage of this approach is a no-cost, quick, and geographically unrestricted search for
megaclast localities, including those in difficult-to-access places. Anyway, the efficacy of the Google
Earth Engine in the search for coastal megaclast deposits needs testing, and the latter was addressed in
the present study. The Google Earth Pro 7.3.2.5776 version (free software) of the Google Earth Engine
was employed for this purpose. Images of the maximum appropriate resolution are preferred. In some
cases, resolution can be increased a bit else, but this leads to smooth contours of natural objects, i.e., to
poor-visibility of megaclasts.

In order to test the application of the Google Earth Engine to coastal megaclast deposits,
four localities of the latter were considered. These were found as a result of tentative visual coastline
surveying with the Google Earth Engine in those areas where the occurrence of megaclasts seems
to be possible, but has not been reported earlier. The localities were Hondarribia in northern Spain
(the Biscay Bay coast), the Ponza Island of Italy (Tyrrhenian Sea), the Wetar Island in eastern Indonesia
(Banda Sea), and the Humboldt o Coredo Bay and vicinities near the border between Colombia and
Panama (eastern Pacific coast; Figure 1). These localities represent different geographical domains,
namely Atlantic Europe, the Mediterranean, Southeast Asia, and Central America. For each locality, two
plots are selected provisionally for more representative approach testing. When possible, these plots
were selected so to demonstrate local differences of coastal megaclast deposits. Although this
paper focused on finding localities, preliminary qualitative descriptions of the studied coastal
megaclast deposits were provided, as this study explored the very possibility of their ‘visibility”
with the Google Earth Engine. The descriptions avoid details relevant to remote sensing techniques,
but emphasize on the general character of the deposits, which is the primary interest of sedimentologists.
In other words, the descriptions were addressed to sedimentologists, not specialists in remote sensing.
Importantly, these localities were selected to demonstrate the utility of satellite images with a
different resolution.

Hondarribia

Ponza Island S

Wetar Island

Humboldt o Coredo Bay

Figure 1. New localities of coastal megaclast deposits considered in this paper.
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3. Results

Four small case studies were undertaken in order to demonstrate the efficacy of the virtual
examination of coastal megaclast deposits with the Google Earth Engine. Two examples deal with
satellite images of exceptionally high resolution, and two other examples deal with satellite images of
appropriate but somewhat limited resolution. In each case, it is also attempted to stress the relative
importance of the new evidence to the regional knowledge of coastal megaclast deposits. For this
purpose, the basic published information was summarized.

3.1. Example 1: Hondarribia (Spain; Biscay Bay)

The locality is situated in the vicinities of the town of Hondarribia in northern Spain (Figure 1),
where the rocky shore of the Biscay Bay hosts a lot of megaclasts that form significant accumulations.
Their origin is linked to the destruction of the Paleogene marine rocks exposed in cliffs and directly
along the coastline [44]. Apparently, the main factors of megaclast accumulation are gravity processes
and wave abrasion.

On the eastern plot, the coastal megaclast deposits were represented by the dense accumulation
of angular blocks with the size of 1-5 m; the maximum size reached 7-8 m (Figure 2).
Importantly, the deposits were spatially heterogeneous—the mean size of blocks increased locally
(for instance, near the shoreline and close to parent rock exposures). Although the deposits covered
almost the entire area, some ‘islands’ of parent rock exposures and semi-detached megaclasts were
also visible. On the western plot, angular megaclasts were larger in size: these include blocks and
megablocks; the size of the largest particle exceeded 25 m (Figure 3). Megablocks were more numerous
in the right half of the plot. Parent rock exposures and semi-detached megaclasts occurred in the
left half. On both plots, clasts >1 m in size were distinguished unequivocally, and the evidence was
enough to confirm the presence of true coastal megaclast deposits. The resolution of the satellite view
permitted us to distinguish blocks from megablocks; the presence of boulders was evident, although
these could not be registered individually. Dense package of the deposits was well visible. Size and
shape of individual blocks can be registered when their size exceeds 1-2 m. The spatial position and
orientation of stones did not leave an impression of significant re-working, i.e., primary, undisturbed
coastal megaclast deposits could be hypothesized.

Google Earth

Figure 2. The eastern plot of the Hondarribia locality (the view provided by the Google Earth Engine).
CMD labels coastal megaclast deposits (the same is on the following figures).
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(%ogle Earth

Figure 3. The western plot of the Hondarribia locality (the view provided by the Google Earth Engine).

The information from this locality fills an important gap in the knowledge of the geographical
distribution of coastal megaclast deposits along the Atlantic coast of Europe. These deposits were
reported previously from the British Isles [21,27-35,45-51], northern France (first of all, Brittany) [52-56],
and the western and southwestern coasts of the Iberian Peninsula [57-61]. The Hondarribia locality
represents the other domain, i.e., the Biscay Bay, the coasts of which are prone to severe storms creating
and transporting megaclasts, similarly to the above-mentioned regions [62]. This may be the first
megaclast locality reported from the Biscay Bay coast.

3.2. Example 2: Ponza Island (Italy; Tyrrhenian Sea)

The locality corresponds to the Ponza Island (Pontine Archipelago) that is situated in the Tyrrhenian
Sea, near the western coast of central Italy (Figure 1). The Pliocene volcanic and volcaniclastic rocks are
exposed in tall cliffs [63-65], the collapse of which leads to the formation and accumulation of numerous
megaclasts. As rocky shores with cliffs dominate the island, the distribution of coastal megaclast
deposits is significant there. Gravity processes and abrasion contribute to local megaclast formation.

On the southern plot, the coastal megaclast deposits were represented by the accumulation of
angular blocks with the common size of 1-5 m (Figure 4). Blocks of a bigger size and rare small
megablocks (up to 12-13 m in size) occurred along the very shoreline, as well as in the northern part of
the plot. Density of the deposit differed: it was significant near the shoreline, but megaclasts occurred
individually or in small groups in the other places where they were either mixed with boulders or lay
directly on the rock surface. On the northwestern plot, a small group of fully- and partially-detached
megaclasts was observed (Figure 5). These include several megablocks with the size up to 40 m and
numerous blocks in between. These megaclasts were angular, and some smoothed surfaces result
from wave and wind ‘polishing’. On both plots, clasts >1 m in size were distinguished easily, and the
delineation of true coastal megaclast deposits was easy. The resolution of satellite images permitted us
to distinguish blocks from megablocks, the presence of boulders was evident, although these could
not be registered individually. Different package density was visible. Size and shape of individual
particles can be registered when their size exceeded 1-2 m. However, a shadow from the tall cliff on
the northwestern plot ‘masked’ some megaclasts and did not permit us to characterize them on an
individual basis (Figure 5). Some redeposition of megaclasts could not be excluded for the southern
plot, but the view of the deposits on the northwestern plot leaves impression of a ‘fresh” and then
undisturbed rockfall.
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Google Earth

Figure 5. The northwestern plot of the Ponza Island locality (the view provided by the Google Earth
Engine).

The Mediterranean is a ‘classical’ region for studies of coastal megaclasts and boulder deposits [9-13].
Particularly, megaclast accumulations have been reported from the Western Mediterranean continental
and island coasts [66-68]. However, Ponza Island is of special importance because of two reasons.
First, it represents lenticular, almost round-island distribution of the coastal megaclast deposits.
Second, the latter originates from volcanic and volcaniclastic rocks. Therefore, finding this locality with
the Google Earth Engine extends the regional knowledge of coastal megaclast deposits.

3.3. Example 3: Wetar Island (Indonesia; Banda Sea)

The locality corresponds to the Banda Sea coast of the Wetar Island in eastern Indonesia
(Figure 1). There, Cenozoic volcanic, volcaniclastic, and reefal carbonate deposits crop out [69].
Presumably, their destruction by wave abrasion and weathering leads to megaclast creation; it cannot
be excluded that some megaclasts were formed as a result of slope collapse and subsequent downslope
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transport. This means that the origin of this new locality can be highly complex, but the role of abrasion
seems to be leading.

On the eastern plot, blocks with the maximum size of up to 10 m (the prevailing size was 3-5 m)
occurred sporadically (Figure 6). These lay either individually or in small groups. The biggest
stones were angular. The deposit package density was very low with regard to the distance between
megaclasts (even when these occur in groups). These coastal megaclast deposits were restricted to the
very shoreline. On the northeastern plot, the number of megaclasts was bigger (Figure 7). These were
chiefly blocks of different size (commonly < 5 m), but there were also megablocks, the biggest of which
reached 20 m in size. The particle angularity was well visible. The package density was moderate
(even high in some places), but the deposits also occurred like a narrow ribbon along the shoreline. On
the both plots, clasts >3 m in size were distinguished easily; the satellite image evidence is enough to
confirm the presence of true coastal megaclast deposits. The resolution of the images permitted us to
distinguish blocks from megablocks; boulders were not seen at all (it was unclear whether these exist).
A different package density was visible without any difficulty. Size and shape of individual particles
can be registered when their size exceeds 5 m. Better to say, these can be examined chiefly for large
blocks and all megablocks. Dense vegetation cover of the island and, particularly, along the shoreline
‘masks’ the coastal megaclast deposits, but this does not preclude for megaclast accumulation tracing
over the studied plots. The position and the orientation of megaclasts do not suggest against their
resedimentation, and, if so, it cannot be excluded that high-energy events contributed to motion and
destruction of these stones.

Google Earth

Figure 6. The eastern plot of the Wetar Island locality (the view provided by the Google Earth Engine).

Coastal megaclasts have been reported earlier from many localities of Southeast Asia, including
those of China, Taiwan, Thailand, Malaysia, Indonesia, and the Philippines [70-94]. Strong influences
of tsunamis [95,96] and super-typhoons [97] contribute to the formation of such deposits. However,
all this evidence has been obtained outside eastern Indonesia and chiefly on coasts open to either
the Indian or Pacific Oceans. The Wetar Island locality sheds light on the coastal megaclast deposits
formed in a distinct geographical setting, namely on the coast of a relatively small, intra-island sea,
which makes addition to the regional knowledge of such deposits. Therefore, the Google Earth Engine
permits extension of the available knowledge of megaclast occurrence in Southeast Asia.
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Figure 7. The northeastern plot of the Wetar Island locality (the view provided by the Google Earth Engine).
3.4. Example 4: Humboldt o Coredo Bay (Colombia/Panama; Eastern Pacific)

The locality corresponds to the Humdoldt o Coredo Bay and its vicinities. It is situated on
the Pacific coast of Central America, exactly at the border between Colombia and Panama, north of
Jurado (Figure 1) where the Cretaceous-Eocene basement and volcanic arc complex dominate the local
geological setting [98]. Wave destruction and weathering of hard parent rocks contributes to formation
of multiple megaclasts. Apparently, abrasion is chiefly responsible for the origin of these deposits.

On the southern plot, small and medium blocks (typical size is <5 m) formed lenticular deposits
around a small bay (Figure 8). The biggest particles were angular, but the shape of the majority of
particles could not be recognized at the available resolution. The width of the ribbon of deposits
differed, as well as their package density. A few huge blocks (but these did not reach the size of
megablocks) lay individually in the central part of the plot. Generally, it is possible to record the
deposits heterogeneity. On the northern plot, the coastal megaclast deposits were very similar to those
described on the southern plot, with two exceptions: the mean size of blocks was bigger, and there were
a few megablocks (up to 20 m in size or even more; Figure 9). On both plots, clasts >3 m in size were
distinguished easily, and the presence of true coastal megaclast deposits was evident. The resolution
of satellite images permitted us to distinguish blocks from megablocks; boulders were not seen at
all, although these, presumably, exist. A different package density was visible without any difficulty.
The size and shape of individual particles can be registered when their size exceeds 5 m (large blocks
and megablocks). The difficulties were linked, first, to the ‘masking’ effect of the vegetation cover and,
second, uncertainty with some features on the northern plot that could be either megaclasts or parent
rock exposures (or semi-detached megaclasts). Presumably, the both difficulties will remain even in
the case of a much higher resolution of satellite images. The spatial position and orientation of stones
permitted us to hypothesize the absence of significant reworking, i.e., these seemed to be primary,
undisturbed coastal megaclast deposits.

Previous megaclast studies on the Pacific coast of the Americas are scarce, and, particularly,
focused on two geographical domains, namely the Baja California Peninsula in Mexico [4,5] and
northern and central Chile [41,99,100]. If so, the information from the Humboldt o Coredo Bay locality
fills significant gap in the regional knowledge of coastal megaclast deposits characterizing those of
Central America. Finding this locality with the Google Earth Engine implies the existence of coastal
megaclast deposits on the Pacific coast of Central America (probably, for the first time).
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Figure 8. The southern plot of the Humboldt o Coredo Bay locality (the view provided by the Google
Earth Engine).

Figure 9. The northern plot of the Humboldt o Coredo Bay locality (the view provided by the Google
Earth Engine).

4. Discussion

4.1. Synthesis: Virtual Approach Opportinities and Limitations

The four examples given above illustrate the application of the Google Earth Engine to the
identification and even preliminary description of coastal megaclast deposits. The approach seems
to be promising. In all four cases, the deposits were identified and delineated without any difficulty
and irrespective to the different resolution of satellite images. All study areas were new to megaclast
research, and these were found on the basis of the only virtual exploration of the coastline, without
consideration of any preliminary evidence. This approach can be used for visual surveying of the
coasts and identification of localities suitable for subsequent field or virtual investigations (or both).
Moreover, some basic characteristics of coastal megaclast deposits can be examined with the Google
Earth Engine taken alone, although such a study cannot ‘replace’ in-depth field investigations to
be undertaken further. These characteristics include the dominant particle size, package density,
and spatial homogeneity versus heterogeneity of deposits. Individual, group, or lenticular occurrence
of megaclasts can be also registered. As for the particle size, in all cases, it was not only possible to
make a distinction of blocks from megablocks, but also to note the presence of smaller and larger blocks,
i.e., to deal with subcategories of the main grain-size divisions. Some notions on the possible origin of
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the deposits are also possible. Importantly, the use of the Google Earth Engine permitted us a very
quick survey of coasts. Apparently, one researcher can check up to a thousand kilometers of coastal
zone for the presence of megaclast accumulations per 5-7 working hours. No field investigation can
allow such a speed of work and so massive information gathering. Moreover, many areas will remain
‘untouched’ by megaclast research due to the relatively circle of the involved researchers and logistic
restrictions. If so, it is better to know the position of the localities and to have the only preliminary
characteristics of the deposits than to concentrate on only well-known and well-accessible localities
studied for years.

As implied by the examples, virtual studies of coastal megaclast deposits with the Google Earth
Engine face limitations of three kinds. First, the resolution of satellite images did not permit us to
deal with boulders and other finer components of the deposits, and the presence of these components
could not be proven in some cases. Second, the resolution of the satellite images available for the
Hondarribia and Ponza Island localities allowed the size and shape documentation of all megaclasts,
whereas the resolution of the satellite images of the Wetar Island and Humboldt o Coredo Bay localities
permitted doing this for only huge blocks and megablocks, i.e., for the only part of the deposit. In the
two latter cases, there were also difficulties with distinction between true megaclasts, semi-detached
megaclasts, and exposures of parent rocks. This means that detailed investigations of coastal megaclast
deposits and their quantitative descriptions with the Google Earth Engine are possible in only some
cases. Third, there are local limitations of the approach like tall cliff shadows (the Ponza Island) or
dense vegetation cover (Wetar Island and Humboldt o Coredo Bay). Anyway, all these limitations
do not preclude from the documentation of the spatial occurrence of megaclast deposits along coasts
of seas and oceans. When necessary, field studies can be undertaken later, and these studies can be
coordinated effectively with the information obtained with the Google Earth Engine. In other words,
the limitations are less important than the opportunities. Moreover, it is expected that the resolution of
satellite images employed by the noted software will continue to increase in the nearest future.

4.2. Tourism Information as a Source for Geographical Justification of Virtual Surveys

The total world coastline is too lengthy taking into account continental and all island coasts, and
even the Google Earth Engine does not make efficient its visual surveying for the purposes of the
identification and description of megaclast deposits. The latter occurs locally, and it is sensible to focus on
those areas, which seem to be promising for finding megaclasts. Some previous descriptions (‘occasional’
descriptions of megaclast deposits can be found in the literature) and geological, geomorphological,
and geographical knowledge (for instance, the selection of coasts with tall cliffs and prone to severe
storms, super-typhoons, and tsunamis) is helpful in many cases for the geographical justification of
virtual surveys. However, some other, non-scientific evidence can be also considered.

The first opportunity is linked to photos provided by the users (first of all, tourists) of the
Google Earth Engine, the geographical attachment of which is displayed directly on satellite images.
Megaclasts and their accumulations are notable features, and these can be recognized easily on
photos. Moreover, the latter can help in satellite image interpretation, i.e., for the correct description
of the particle shape and package density, as well as for the distinction between true megaclasts,
semi-detached megaclasts, and parent rock exposures; the content of boulders and finer components of
deposits can be also registered. In the present study, the photos provided by the Google Earth Engine
were helpful in the cases of the Hondarribia and Ponza Island localities. However, the number of the
proper photos was limited for some remote, infrequently visited places, or these were not available
atall.

The second opportunity that can be recommended for the geographical inventory of coastal
boulder deposits is also relevant to tourism-linked information available online. Among various
sport and tourism activities, bouldering has gained importance [101-105]. A lot of information
on individual ‘boulders’ (these may be either isolated rocks, but also true megaclasts) has been
accumulated. This information is easily accessible with the available on-line catalogues [106-108], and
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it permits finding coastal megaclasts and their groups, as well as their preliminary visual examination
with the available images. For instance, there are typical coastal boulder deposits on the Ao Sane Beach
in Phuket, Thailand [106]. These deposits consist of mixed angular blocks and boulders, and there
are also angular blocks lying separately on a sandy substrate. In regard to the position of the later,
resedimentation cannot be excluded. Such information can be of the utmost importance for finding
promising areas to focus virtual surveys of coastal megaclast deposits.

4.3. Do Satellite Images Provide Data for the Quantitative Analysis of Coastal Megaclast Deposits?

Finding new localities of coastal megaclast deposits with the Google Earth Engine poses a question
of more detailed analysis providing sedimentological information. The examples given above imply
that some descriptions of such deposits are possible, but these are preliminary and too qualitative.
Actually, in some cases, quantitative interpretations seem to be possible. For instance, grain-size
distribution of megaclasts can be analyzed with statistical tools. There are four conditions that allow
such an investigation. First, the resolution of satellite images of the study area should allow unequivocal
recognition of particles with the size of 1-2 m (minimal size of megaclasts). Second, there should be not
any ‘masking’ effects of shadows, vegetation, etc. Third, the majority of megaclasts should be oriented
subhorizontally because vertical orientation does not permit the measurement of the maximum size.
Fourth, megaclasts should form a relatively thin layer” alternatively, the lowermost particles covered
by the other blocks cannot be measured.

From the four examples considered in this study, the only Hondarribia locality satisfied all
four conditions outlined above. To demonstrate the efficacy of satellite image analysis, the western
plot of the locality (Figure 3) was considered. The Google Earth Engine provides the option of the
measurement of objects directly on a satellite image. The maximum size of 100 megaclasts was
measured with this tool on the chosen plot. Apparently, the measured particles constituted about 70%
of all megaclasts visible on this plot. The size of megaclasts varied between 1.0 and 26.2 m. The mean
size was 7.8 m, and the median size was 6.3 m. These values corresponded to coarse blocks, according
to the classification of Bruno and Ruban [16]. The grain-size distribution of megaclasts is shown on
a histogram (Figure 10). The majority of particles had the size of 2.5-5 m, i.e., these were medium
blocks. However, coarse blocks (5-10 m) and fine megablocks (10-25 m) were the most common.
Generally, these coastal boulder deposits included 37% of coarse blocks, 26% of medium blocks, 24% of
fine megablocks, 12% of fine blocks, and 1% of medium megablocks, i.e., it was dominated by the
particles with the size of 2.5-25 m, which indicates on a restricted sorting. Undoubtedly, this deposit
also bore some finer components like boulders, gravels, and even sand, but these were invisible on the
satellite image. Anyway, the dominance of the noted megaclasts in these deposits was indisputable.
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Figure 10. Grain-size distribution of megaclasts on the western plot of the Hondarribia locality.
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4.4. Satellite Evidence of a Decade-Long Stability of Coastal Megaclast Deposits

The modern studies of megaclast focus much (even over-emphasize) on their origin
and, particularly, their relevance to extreme events such as storms and tsunamis [4-13,19-27].
Evidently, these studies deal with the dynamics of the coastline and megaclasts themselves. The Google
Earth Engine gives exceptional opportunity to contribute to such investigations, as a time series of
satellite images is available. This means that direct comparison of the views of some areas at different
time slices is possible. Three limitations are as follows. First, ‘old” satellite images are not available for
all areas and the date of these images differs for different areas. Second, the resolution of ‘old” images
can be lower than that of the current images. Third, due to a different time of image making, shadows,
vegetation, and, importantly, water level may look differently. However, the third problem can be
overcome in many cases.

In order to understand the importance of the analysis of the image time series for the understanding
of the dynamics of coastal boulder deposits, the new localities identified in the present work were taken
as examples. ‘Old’ satellite images (captured 10-20 years ago) of appropriate resolution are available
for three of them (Hondarribia, Ponza Island, and Wetar Island—one plot was selected for analysis in
each case). However, in the only case of the Ponza Island, the maximum appropriate resolution of
the ‘old” image was the same as that of the ‘new” image. In two other cases (Hondarribia and Wetar
Island), the resolution of the ‘old” image was lower, but it allowed recognition of the principal features,
i.e.,, megaclasts, via comparison to the higher-resolution ‘new’ image. Megaclasts from the western
plot of the Hondarribia locality occupied the same position in 2001 (Figure 11) as in 2018 when the
currently available image was captured (Figure 3). Apparently, the number of blocks and megablocks
did not change, although some of them had worse visibility on the ‘old’ image because of the higher
sea level (apparently, the time of tide). No changes were also found between 2007 (Figure 12) and 2017
(Figure 5) on the northwestern plot of the Ponza Island. Moreover, the ‘old” image was of better quality
in this case. The shadow from a tall cliff did not ‘mask” a part of the deposits, and the better seawater
transparency permitted us to document that up to a quarter of the deposits stretch to the submarine
environment. Finally, nothing related to megaclasts changed on the eastern plot of the Wetar Island
between 2009 (Figure 13) and 2019 (Figure 6).

PE 1%

Figure 11. Satellite view of the western plot of the Hondarribia locality in 2001 (the view provided by
the Google Earth Engine).
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Figure 12. Satellite view of the northwestern plot of the Ponza Island locality in 2009 (the view provided
by the Google Earth Engine).

Google Earth

Figure 13. Satellite view of the eastern plot of the Wetar Island locality in 2007 (the view provided by
the Google Earth Engine).

The evidence presented above implies a decade-long stability of the coastal megaclast deposits in
the new localities. Megaclasts were not destroyed, replaced, or over-turned despite that the regions are
susceptible to severe weather conditions [62], and tsunamis cannot be excluded there [109,110]. Even if
the periodicity of the high-energy events that can be responsible for changes of coastal megaclast
deposits seems to be longer than a decade, the registered stability is notable. This is especially the case
of the Hondarribia locality located on a high-energy coast of the Biscay Bay, for which a two-decade
long comparison (Figures 3 and 11) is possible. Apparently, severe storms of the 2000s and the 2010s [62]
did not affect megaclasts of this locality.

It is sensible to add that the Google Earth Engine gives opportunity to get images with a high
frequency (Sentinel 2 or SPOT 7 images). If so, some localities can be specially monitored in the case of
any future severe storms or tsunamis to document the dynamics of coastal megaclast deposits.

4.5. Automatic Detection of Coastal Megaclast Deposits: the Current State of the Problem

The development of the Google Earth Engine has permitted to pose the question of the invention
of advanced digital tools for automatic detection of particular features on satellite images. For instance,
such tools are helpful in urban studies [111] and archaeology [112]. In geomorphological studies,
two successfully tested approaches are notable. The first has been proposed by Luijendijk et al. [113]
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for the global-scale mapping of sandy beaches and establishing their dynamics. The second approach
has been employed by Vos et al. [114] to document shoreline dynamics (some examples also deal with
sandy beaches). The validity and the importance of the both above-mentioned studies are indisputable,
and the availability of any similar approach would help in the global mapping of coastal megaclast
deposits. Itis not the purpose of the present work to develop such an advanced interpretative technique,
but some limitations of the latter can be discussed in the light of the present findings.

First of all, the main differences of coastal megaclast deposits from sandy beaches should be
noted. These deposits are more localized and often narrow; these rarely form lengthy ‘belts’ like
sandy beaches. The latter are often distinguished on satellite images by a white or yellow color,
whereas coastal megaclast deposits may look very differently in each case. Importantly, these deposits
are often not continuous particle packages, but individual stones or stone groups dispersed along the
coastline (this is especially well visible at the Weater Island locality—Figures 6 and 7). To make a clear
distinction between true megaclasts and semi-detached megaclasts or rock exposures is not always easy,
especially when the surface of a given area is not flat. When sandy beaches are detected, the objects of
study are beaches themselves, and the researchers do not to pay attention to sand particles that cannot
be determined from the space. In contract, studies of coastal megaclast deposits require attention to
giant particles. That is why such studies depend stronger on image resolution. The experience with the
Ponza Island (Figures 5 and 12) implies water transparency influences on the detection of megaclasts
that are fully or partly drowned, whereas the evidence from the Hondarribia locality (Figures 3 and 11)
indicates on the importance of the sea level, i.e., tides. As a result, visibility of coastal megaclast
deposits decreases under certain conditions (Figure 14).

decrease in CMD visibility
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Figure 14. Dependence of coastal megaclast deposit visibility on satellite images on the sea-level position.

The above-said does not suggest against the necessity of techniques for automated detection
of coastal megaclast deposits, but reveals serious barriers for the invention of such techniques.
Moreover, it should be stressed that the studies of Luijendijk et al. [113] are aimed at making global- or
regional-scale conclusions. In contrast, what do the megaclast researchers actually need are particular
localities, especially providing representative examples of coastal megaclast deposits from different
parts of the world. In regard to this, simple visual surveys of shorelines with the Google Earth Engine
provide reasonable information.
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5. Conclusions

The use of the Google Earth Engine has permitted to us find four new localities of coastal megaclast
deposits in Atlantic Europe, the Mediterranean, Southeast Asia, and Central America. The dominance
of blocks and subordinate number of megablocks, as well as their chiefly angular shape are visible on
satellite images. More detailed, quantitative investigations are possible on the basis of the both field
and virtual studies of these localities. Despite some limitations, the Google Earth Engine seems to
be an almost ideal instrument for quick tracing the geographical distribution of megaclast deposits
along the coasts of seas and oceans, which is important for the coordination of further research.
The growth of tourism and voluminous online representation of the relevant photos facilitate finding
areas promising for identification of megaclast localities. The novelty of this study is triple, i.e.,
the potential of virtual search for coastal megaclast deposits was proven, four new localities found,
and the knowledge of megaclast spatial occurrence in several large regions was summarized (it was
also explained how geographical gaps in this knowledge could be filled with virtual finding of new
localities). More generally, this work did not argue for ‘replacing’ field studies by virtual surveys.
In contrast, it demonstrated how to find efficiently new localities for further field studies. In the other
words, finding localities as a research task is separated from in-depth sedimentological investigations.

This paper dealt with four, almost randomly selected localities. Further virtual surveys of the
coastal zones will permit to extend the relevant knowledge, as well as to improve the methods of the
satellite image analysis. One of the central problems is the precise megaclast size and shape description,
as satellite images show the only 2D projection of these features, which can be oriented differently. It is
important problem to think how some tools proposed earlier [115-117] can be coupled with the use of
the Google Earth Engine in coastal megaclast studies. It cannot be excluded that satellite images can be
used for automatic detection of megaclast-promising areas in the future.
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