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Abstract Large boulders have been found on marine cliff@bétudy areas on Minorca, in the Balearic Arclaige. These
large imbricated boulders, of up to 229 tonnes)@rated on platforms that conform the rocky camstbf Minorca, several
tenths of meters from the edge of the cliff, udfom above the sea level, and kilometres away &ominland escarpment.
They are mostly located on the southeast coasteofstand, and numerical models have identified tlmastline as a zone
with a high probability of tsunami impact. The agfethe boulders of the studied localities rangesMeen 1574 AD and
recent time, although most of them are concentratednd the year 1790 AD. Although some storm wamwigght have play
a role in their dislodging, the distribution of thmulder sites along the Balearic Islands, the ekgnd direction of
imbrication and the run-up necessary for theic@faent, suggest a transport from North African astirwaves that hit the
coastline of Minorca.

1 Introduction

Although they are less frequent than those of theifie and Indian oceans, tsunamis in the Meditexraam Sea are well
known from historical accounts (Soloviev, 1990)rdeboulder accumulations observed and studiedaoious coastlines

of the Western Mediterranean have been associdthcextreme wave events (tsunamis or storms): rg8tah-Hosseini
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et al. 2013), Southern Italy (Barbano et al. 2Q4,1; Mastronuzzi et al. 2007; Mastronuzzi and igii 2012; Pignatelli
et al. 2009; Scicchitano et al. 2007, 2012), angeAh (Maouche et al. 2009). Large boulders plamest coastal rocky
cliffs on Minorca Island have been found mainlytbe southeast and west coastline (Roig-Munar, 2(Hi§) 1). Some are
positioned well above the maximum stand of any néeo storm wave (up to 27 m), many show imbricétedlder ridges,

and all of them are located away from any highridleelief that might explain an origin from gravitaal fall.

The presence of large boulders on the rocky shaoiréise Balearic Islands has been treated by Bartdl Kelletat (2003),
Schefers and Kelletat (2003) and Kelletat et &06), but only on the island of Majorca. The authors éidkhe presence of
large boulders on the coastal platform of Majordtn wtorm waves and/or tsunami processes, estaldishsimple equation
(Transport Figure) to discern those displaced Isgoam wave or a tsunami event. In fact, in manysiref the Western
Mediterranean, imbricated, metric size bouldersehbegen interpreted as remnants of the tsunamisrreccin the last
centuries (Pignatelly et al., 2009). Only at théaAtic coast, with much higher fetch and tidal mnignbricated boulders are
tied to storm processes (Hanson and Hall, 200®nB& and Paris 2010; Hall, 2011). However, th&éndison between
tsunami or storm boulders is not easy nor withoutversy, though it is based on a set of sediategical, morphological
and chronological criteria to be treated in eackecéScheffers and Kinis, 2014). The main goal @ #rticle is to
demonstrate that some of the boulders located dlmdbe coastal cliffs of Minorca were transporesal deposited by

tsunamis that occurred in the recent past and ynostlinated from submarine earthquakes at the rdgecoast.

2. Study site

2.1. Geology of the study areas

Both from a geological and geomorphological poihview, Minorca is divided into two parts separatgdan imaginary
line WNW-ESE that extends from Mao to Cala Mor€ilg{ 1): a) the Migjorn, which covers the southkatf of Minorca, is
formed by undeformed calcareous materials fromupper Miocene forming a nearly horizontal platforamd b) the
Tramuntana, which includes all the outcrops of €ataic, Mesozoic and Oligocene age. These matexialdaulted and
folded by the alpine orogeny and constitute thehsen half of the island characterized by gentlis kind valleys.

The eight study sites of the southern sector (Eiglr and the eight study sites of the western semte located on
carbonated, horizontal, well-developed bedding, é¢gdiocene rocks forming a marine cliff with heighietween 4.5 and
20 m. On the other hand, five of the eight studgsspf the northern sector correspends to outcafpeassive Jurassic
limestones, forming sea-cliffs between 2 and 20eiglit. The other three study sites of the nortteea are located on
Plioquaternary eolianites: Tirant and Tusquetssgitenstituting a gentle ramp where cliffs are ahsewvertheless, in Punta

Grossa (Fig. 9), eolianites conform an 8 m higrstalaliff.

2.2. Maritime climate
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The coast of Minorca island is subject to a maeticimate characterized in the last 50 years byagimum wave height of
10 m from a NNE dominant direction (Cariellas, 2000 eastern coast of the island is charactebyesl maximum wave
height of 8.5 m with a dominant N component (Caf®I2010). At the northern sector of the Island, rfaximum wave
height recorded since 1958 was 11 m height fromiN& Mirection. The Hs50 is estimated at 9.88 m (Q@a$ie2010). The

tidal regime in Minorca is of very low amplitudeQ(8m), almost negligible for this study.

Mediterranean hurricanes, called medicanes in tleditdrranean, generated by intense tropical cyslanay be a more
likely extreme wave form reaching the coast of Ma@ The remarkable-the medicane of 10-11 Noverdb@l was

associated with the seventh most intense cyclomendrthe Mediterranean, throughout the period ERA157-2002) and
is the most intense of all detected in the westestriViediterranean, near the Balearic Islands (Geswet al., 2006). The
wind exceeded 150 km/h, affecting a large marineresion and causing waves up to eleven meterggaffisant height

(Jansa, 2003). The number of intense cyclonestaftethe Balearic Islands during the period 19502& between 5 and
10 (Homar et al., 2007).

Small recent tsunamis have affected the islandiabkta as stated by local newspapers (Diario dedvten 2003, 22nd and
23rd may). The tsunamigenic source is the Algedaast, which according to the historical and insteatal seismicity is
exposed to relevant seismic hazards and risks (®apalos, 2009). The last tsunami that affecteddwia Island was
generated by the Zemmouri (Algeria) earthquake tbak place on May 21, 2003, with a magnitude & Blw. This
earthquake was generated by a reverse fault, lgadia significant deformation of the seabed, améting a tsunami that
was observed in Algeria and Spain, and even reattteedoasts of France and lItaly. This event le&led high waves in
Ibiza, the highest tsunami waves recorded in regeats in the Balearic Islands, which damaged sofrie harbour
facilities on Minorca, Majorca and Ibiza. A fragntexi the chronicle about the tsunami in Diario deridrca (22/05/2003)
stated: “In the case of the Port of Mao6 (the cépityt of Minorca), the movement of the waters vea®ctacular: no sooner
had it disappeared from the shore, leaving theobotf the harbour uncovered, then it returned,ding the seafront and
even the road. The same situation was experiengrdtaneously in Cales Fonts, Cala Alcaufar ancaGGant Esteve (three
calas in the E coast of Minorca), where some harimeere 300 m from the beach, along with dead f{ske figure 7 for
location). Unfortunately, we did not study the effeof the tsunami on the boulders at that timenami simulations of this
event (Fig. 3) were performed by several authoébgit and Alasset, 2003; Alasset et al., 2006, Raigg Hebert, 2008).

Thus, there is currently seismic activity at thétm of the Algerian Basin that gives rise to tsmigaffecting the coast of
Minorca. In the recent past, in the last 500 yethier,e have been tsunamis affecting the Baleddads (Table 1). There are
also historical tsunami records reporting a flogdavent with a run-in of to 2 km inland in Santafigtation on Fig. 2), on
the east coast of Majorca in 1756 (Fontsere, 19N @8erical models of tsunami simulation from submaearthquakes at
the North African Coast (i.e. Alvarez et al., 20Rlgger and Hebert, 2008) show that the southeabktast of Minorca

would be one of the most affected areas by theatsiuiimpacts. On the contrary, the fetch lengthtfar southern coast of
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Minorca is relatively low: 300 km in the S direatiand 500 km in the E direction. Thus, in the B&tyears the maximum

extremal wave height detected in an offshore buay @f 11 m high at the 2001 medicane (Jansa, 2013).

According to Papadopoulos (2009), the major tsuganic source in the Western Mediterranean is lacateth of Algeria
(Figure 10), although the Alboran region has tddlen into account too. In other areas as the bigiovencgal basin and
the Valencia Trough (Fig. 2), the seismicity is tow to be taken into account as tsunamigenic arBas seismicity of the
northern region of Algeria is dominated by thrustdl mechanisms to the west and central part sfatda and by strike-slip
faults to the east (e.g., Bezzeghoud et al., 20IAg Alboran region is dominated by strike-slip adensional focal
mechanisms where the largest magnitudes are udoallyo moderate (Vanucci et al., 2004).

If we focus in North Algeria, since 1716, there &ddneen 7 seismic events (Fig. 2) with intensityatgethan X recorded by
Ayadi and Besseghoud (2014) capable of originagitgunami that, according to the numerical modeilsdirectly hit the
coast of Minorca (especially the southern one).odding to the same authors, only one seismic eskEhigh intensity is
recorded prior to 1716: Algiers, third of Januafy1865. Thus, between the period 1716-2017 sevgim imagnitude events
have been recorded, whereas between 1365 and IW¢Sowe high magnitude event has been recordeds THut is
probably due to the lack of information as we golbia time and probably the frequency of the fpstiod must be hidden

in some way.

3 Methodology

In this study, 3.144 boulders located in 24 ardadinorca Island (Fig. 1) have been analysed. Beukize was measured,
as well as height above sea level, and the distémore the edge of the cliff. Orientation and imlation were also
considered, together with their geomorphologicaitert (Fig. 4). Transport Figure TF (Scheffers &tadletat, 2003) was
used to assess the power needed to dislodge arghdra each boulder. TF is calculated as the ptoafuthe height above
sea level, distance from the edge of the cliff, amight. Scheffers and Kelletat (2003) considerlters with TF>250 as
indicative of tsunami boulders. In this paper weu® our study on boulders with TF>1000 and on kersldound on cliffs
well above the maximum storm wave height recordedinorca, which is 11 m (Cafiellas, 2010).

Calculation of boulder weights requires a goodnestion of density and volume (Engel and May, 2012most cases the
product of the three axis -a (length), b (widthfan(height) - of each boulder exceeds the truemel of the boulder.
Sampling comparisons have been made between Vallcaamore precise measurement obtained by triatiigulshe
boulder in homogeneous parallelepipeds (Fig. 5h)s procedure produced a correction coefficien0.@2 that has been
applied to all boulders analysed in this study. §¥s of each lithology were calculated using Anehimedean principle of
buoyancy in sea water.

In addition to TF, different equations (Table 2y&deen applied to all the localities to calculaééght of water required to
dislodge and/or move each boulder. Nott (2003)deimed pre-settings for transported boulders (®rged, subaerial and
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joint bounded boulders JBB), and for each boulgpet a different equation for both tsunami andretevaves. Most of
Minorcan boulders were dislodged from cliff edgEgy( 6), so joint bounded and subaerial scenariostroe considered.
Only nine boulders show features (marine faunaatchfragments) defining they were originally subbgsal. Pignatelli
(2009) defined a new equation to obtain the minintsamami height HT that can move a joint boundedlder (JBB). The
Nott derived equation differs from the original time relevance of the c-axis that indicates thektigss of the boulder
directly exposed to the wave impact. Engel and NBOA2) reconsider Nott's equations using more ateuvolume and
density measurements, and defining equations feeddre minimum wave height of a tsunami HT or stavave HS, that is
required to dislodge a submerged, subaerial ortd@Bder (Table 2).

Age of the boulders was determined using two difiérmethods: a) radiocarbon dating of marine inorgfauna, and b)
dating surface post-transport features. Most ofltbelders show unconformable post-depositional tewlupans on the
surface, related to karstic dissolutions aftertth@sport of the boulder. Some (Fig. 5b) of thegstqlepositional solution
pans are intersecting pre-existing ones developatbommably with stratification. Karstic dissolutioate of these pans was
estimated at average of 0.3 mm/y (Emery, 1946. Gérngol et al, 2002). Transport age of 145 boulders 12 locations
was determined using these two methods (Fig. 10).

Other qualitative observations were taken into antoa) relation of the boulders with their sousrea and presence of
fractures that can promote detachment of the beosild® presence of incrusting of boring marine faimdicating the origin
of the boulder before its displacement, c) presaigare-detachment and post-detachment solutios pdrich have been
used as date indicators of boulder emplacememtegiee of rounding of the boulders, presence aratesof other type of
sediment as well as presence of abrasion surfasegadboulder quarrying and transport and, e) pesef “flowouts”
which are areas with denudated beds forming charmadr the cliff favouring the entry and accelenatof the water flows

and leaving a boulder ridge in its front.

4. Results

The 24 areas analysed (Figure 1) have been granfmthree sectors: SE, W and N. All the bouldeesenprocessed, but
those with a TF lower than 1000 were excluded ftbhenfinal analysis. Therefore, results are basetheranalysis of 720

boulders.
4.1. Southeast sector

Although 1.766 boulders have been analysed in eigras of the SE sector (Fig. 1 and 7), only 2B%)lhad a TF>1000.
These boulders have an average size of 3.1 m #h@irglongest axis (a), 2.16 m along the intermiedéxis (b) and 0.9 m
along the shortest axis (c), which almost alwaysesponds to the thickness of the source stratanMeeight is 11.62 t,

with a maximum of 229 t on the coastal islet cd e I'Aire. Average cliff height is 6.8 m, averaggight of the boulders is
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7.19 m, and average distance from the edge of lifidsc61.4 m, with extremes of 18.5 m and 136 espectively. The
highest regional storm wave registered was 7.5 afi¢das, 2010).

Engel and May (2012) formulations show that thel@hexs with a TF> 1000 from this sector require &uom of water

between 8.8 m (subaerial) and 14.4 m (JBB) to éxmrm wave run-ups, and between 7.3 and 8.7rrthéotsunami run-
ups.

We calculated that 33 % of the TF>1000 bouldersirmm@eas above the maximum stand of the wavestszgd (7.5 m),
and many of them show imbrication patterns. Duthése two reasons we interpreted these bouldersids@s produced by
tsunami events. However, 79 % of all the bouldeesp@sitioned at a height at which they can be rkeeby storm waves.

Boulder setting of this sector can be charactertaethe presence of several ridges of imbricatddsse (five of the eight
sites show this setting) (Fig. 7), as well as smimded boulders (5 of 8), and isolate groups ofricalte boulders (4 of 8).
Although cliff altitude of this sector is quite 1o{8.8 m, average), and many sites show sub-roublbes (5 of 8), there is
not any clear relationship between these charackgsan example, some of the lower cliffs do nobvshany ridge,

meanwhile some with higher cliffs do have ridges.
4.2. Western Sector

Along the cliffs of the western area (Fig. 1 and18)43 boulders were measured, and 232 bouldef)(2howed a

TF>1000. These boulders have an average size 8frd.8long the longest axis (a), 1.86 m along therimediate axis (b)
and 0.68 m along the shortest axis (c), which masitresponds to the thickness of the source stké¢an weight of these
boulders is 4.6 t, with a maximum of 21.9 t. Averatiff height is 12 m, and the average bouldeghtis 16 m and at a
distance of 40 m from the edge of the cliff, witttremes of 31 m and 65 m. The highest regional waygestered was 8 m
(Cafiellas, 2010).

Formulations of Engel and May (2012) show thathibalders with a TF> 1000 require a column of wiketween 13.7 m
(subaerial) and 18.6 m (JBB) to explain storm wawreups, and between 12.4 and 13.6 m for the tsunawups. Almost

all the TF>1000 boulders are positioned above thgimum stand for waves registered along the weastoof Minorca (8

m). Only 16 % of all the boulders are positionea &teight at which they can be reworked by stormesaThe storm run-
up heights for these boulders are out of the reastorm waves.

Boulder setting of the Western sector of Minorca&haracterized by higher cliff altitudes and imbte boulder ridges at
half of the sites analysed (4 of 8). Only two oé thites show sub-rounded boulders —the lower si@s-just one has

isolated groups of imbricate boulders.
4.3. Northern sector

Along the North coast of Minorca 338 boulders heeen measured (Fig. 1 and 9), and 214 (63%) shawideé>1000. The

boulders have an average size of 2.56 m along &ragés (a), 1.94 m along the intermediate axisafi) 1.3 m along the
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shortest axis (c). Mean weight of these boulders2i97 t, with a maximum of 128.3 t at Illa delsrf®s. Average cliff

height is 7.81 m, the average boulder height i fiand at a distance of 66.2 m from the edgeetliff, with extremes of
27 m and 129 m. The highest regional wave heiglstaadculated at 11 m (Cafielles, 2010).

Formulations of Engel and May (2012) show that toelders with TF> 1000 require a column of watetwaen 9.8 m

(subaerial) and 21.6 m (JBB) to explain storm waweups, and between 8.3 and 11.3 m for the tsunamups. Most of
the TF>1000 boulders (74%) are positioned abovearti@mum wave height registered along the NorttstoaMinorca (9

m). In addition, 24 % of the boulders are positibia¢ a height at which they can be reworked bynsteaves. The storm
run-up heights for these boulders of this secteraaut of the reach of storm waves.

The setting of the Northern boulders is characteriazy few imbricate ridges (just two of the eigites), only one site with

isolated imbricate groups of boulders, and a grgatesence of sub-rounded blocks (6 of 8).

4.4. Biggest boulders

The results for each area indicate the averageasideveight for all the boulders with a TF>1000t We will consider some
our findings about the largest boulders of eacla.arée largest boulders of the SE area of Minoreal@cated on llla de
I'Aire (Fig. 7), just 960 m off the SE coastal tip of Minorca. Thegest boulders of this area weigh 228 t, 154 tHtt.
Engel and May (2012) equations provide storm rus-egtimations of 32 m, 23 m and 22 m respectivebanwhile for a
tsunami run-up they required 12 m, 9 mand 9 m.

The largest boulders of the Western area of Minevemh 21.9 t, 18.2 t and 16.8 t, but they are tleddigher and more
inland than those of the SE coast. The resultsngEEand May (2012) equations of this area showrston-ups of 20.2 m,
16.4 m and 16.5 m and tsunami run-ups of 9.9 nj &0and 10.5 m.

The North coast largest boulders weigh 128.3 & 5&nd 53.7 t. They are found on the small istéli® des Porros (Fig. 9),
just 426 m off the Northern tip of Minorca (Fig.. Bccording to the equations of Engel and May (20%form run-ups of
46.3 m, 45.4 m and 37.7 m are required to trangpede boulders, and heights of 19.8 m, 22.6 ml&8 m for a tsunami

run-up.
4.5, Dating Age of the deposits

Five of the analysed boulders show marine faurdicating that they have been dislodged from thermriged area and
deposited above the cliff. Two of these bouldergehbeen sampled for 14C dating: A boulder from &amxo (SE of
Minorca, Fig. 7) is a fragment of shoreline notelaye-cut notch); located 2.5 m above sea leved, distance of 18.4 m
from the cliff edge, with a weight of 4.75 t. Radéwbon dating determined an age younger than 1984RACH-21441.:
106.96_+ 0.39 BP, calibrated after 1965 AD with tharine curve). Another boulder in Sant Esteve ¢EMlinorca, Fig. 7)
is situated about 19 meters from the waterfrontlandabove sea level, with a weight of 43.15 t, 4@ dating determined
an age younger than 1720 AD (RICH-21442: 518 + B1 &l AD 1720-1950 for 95.4% and cal AD 1804-184068.3 %).
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Some of the boulders in the spray areas show pmisitional dissolution pans (Fig. 5b). Althoughstilution rate for these
pans is not uniform (it increases near the clifj@d we have considered an average of 0.3 mm/y ((E&46. GOmez-
Pujol et al, 2002). This rate has been used tottlatage of 145 pans found on the surface of thidbes (Fig. 10).
Radiocarbon dating and estimating dates using ldisso ratios, provided a range of ages for 12 fioces between 1574
and 1813 AD, although 8 of the 12 dates are sitbateund the year 1790 AD (Fig. 10).

These results situate the processes that lea@ tegmosition of blocks in a few hundred years,atiding geologically older
events. In all likelihood, there were previous d@sehat either were obliterated by the youngestrandt intense or have not

yet been possible to identify.

5. Discussion

In interpreting the cause of extreme wave evehtsetare two feasible hypotheses, namely tsunamésvar storm waves.
The formers are long period waves (up td fiinutes) of long wavelength (>100 km), the laitbaracterised by much
shorter period (max. 15 secs) and length? (@) On account of their long wavelength, tsunaraiv@s possess a minimum
factor of 4x greater power in relation to theirdtgithan storm waves (Mottershead et al. 2014).ifpact of a tsunami on
a cliff has to be compared to that of a flood, sitite mass of water, overcoming the edge of tffie ptbduces a flow inland
equivalent to a massive flooding. On the other hdhd action of the storm waves, as well as beirgentocal, more
depending on the conditions predicted by the ¢liHictures, abrasion caves, etc.), depends a Ithetathymetry prior to
the cliff, which determines the slope of the wavel dhe distance of its break. In the Balearic ldtarthe comparison
between the run-ups of tsunamis and storm waved aiss consider their proximity to tsunamigenic re@s and the
reduced fetch available for the storm waves, esfigehose that come from the South. This greatevgr enables tsunami
to achieve both detachment of significantly largedrock clasts and also much greater run-up heggtdslistances.

The geographical distribution of boulders sitesgéFil and 3) in the Balearic Islands gives cledications of their
tsunamitic origin. Boulders sites in Mallorca aiistidbuted along the eastern and southern coasttendame happens in
Ibiza. Only in Minorca we found boulder sites at tiorth coast, despite most of the boulder settingdocated in the south
and coast of the island. In figure 3 we show thdegot correspondence between the expected locatitvese a northern
Africa generated tsunami will hit the Balearic tella (from numerical model simulation) and the sitdgere the authors
have found boulder accumulations. If boulders vatoem related, why we haven’t found large bouldsrthe western and
northern coast of Mallorca with the same geologicaitext and larger fetch?; or at the northerntcobiza if fetch is the
largest in this direction?. The answer is becalsédbulders are tsunami related.

Despite we are aware that hydrodynamic equatioed neview (Cox et al., 2018) and they are not éndefe approach for
discerning tsunami from storm boulders, we usedeEngnd May, Nott and Pignatelly equations. Aloing SE sector of
coastline, storm run-ups of 14.4 m are requiredxolain the position of the boulders, while onlyn8tsunami run-ups can

explain the same positions. Results along the highi#s of the W coastline, requires tsunamis ups 13 m high and/or

8



10

15

20

25

30

storm run-ups of 18.6 m. The calculations alongrtbeghern coast sector require storm run-ups ofentiean 21 m, that are
not plausible, while the height of a tsunami runreguired to position the boulders is only 11.3eret

According the position of the boulders and the ltssaf the hydrodynamic equations, it seems cleanthe large boulders
cannot be transported by a single storm eventheely a series of storms. On the other hand, liyavamic equations
require run-ups of the tsunami wave that multiplgtween two and ten times, the models forecashteaf tsunami waves
in the open sea. First of all, the run-up of tsuisaon vertical cliffs is several times higher ththat occurring on low coastal
areas (Bryant, 2014). Run-up is also enhanced dseveral factors (Lekkas et al., 2011): 1) by distance from the
tsunami generation area (of only 300 km in our ;é®eby the narrowness of the continental shedfi@vinorca), 3) by the
fact than the tsunami propagation vector is almespendicular to the main shoreline direction, dptly land morphology,
characterized by vertical cliffs with entrancesldsi For these reasons, we think than run-upshteign Minorca would
have been several times higher than tsunami waightse On the contrary, as they shoal, wave heigldsease run-up
heights in a much lesser way and thus, it is imiptess$o reach the run-up values obtained from yarddynamic equations.
Recent examples in the Balearic Islands confirmldkestatement: the tsunami of 2003 had an ofésh@ve height of 30-
40 cm (according to simulations) and reach the eavagpart of Ibiza with a run-up of 3 m, which meansultiplying factor
of x10. In the other hand, in November of 201%eaere storm caused waves of up to 11 m offshorh d Minorca.
These waves even decreased their height whenrayrati the coast of Menorca. We made a field canmpdays after the
storm and none the boulders we marked in advanan (those located at only 1 m above sea level) dhowveither new
blocks appeared.

Regarding the dating of the boulders, although dwty blocks with embedded marine fauna (and locatdg 1m above the
sea level) have been radiocarbon dated, such dates as a reference to the second dating methezti @air C14 results
show than in one case a block was moved after A856nd in the other case was transported afted196

The second dating method used is based on an avdisgplution rate of dissolution pans. This reemiidentifying post-
depositional dissolution pans, that is, those taate been formed after the movement of the boulddrmsy can be formed
on the same boulder once transported or on thedd¢ion surface that results from the quarry oftibalder. A margin of
error can be established based on the variabffitthe® dissolution rate, which is not very high besma the boulders are
located away from the cliff edge, where the dissoturate is more variable. However, in no way He tesulting values
(age values) match with marine levels differentrfrine current one. Other similar boulders datedKéfetat (2005) on the
neighbouring island of Majorca, correspond to dggdsveen 565 AD and 1508 AD.

Estimations using dissolution rates of surface mamscoherent with the two macro-fauna radiocarGad dates. Historic
records of earthquakes and associated tsunamigs@fén1918; Martinez-Solares, 2001; Silva and igade, 2014) are
also consistent with our chronology (Figure 10).d%m the historical records of huge wave phenomkeathave affected
the Balearic Islands, there are also some epistiddscan be attributed to tsunamis. In 1856, therdbles written by
Fontseré (1918) record an extraordinary sea risieeifPort of Mad (Minorca) that destroys severabrimgs. In 1918, a new

'seismic wave' floods the Port of Mad, following earthquake offshore of the Algerian coast (Foéts&®18). The data of
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the National Geographic Institute of Spain (Marti®olares, 2001 and Silva and Rodriguez, 2014)rdeto 1756 the
presence of a tsunami that flooded more than 2.4nkand in Santanyi (location on Fig.2), at theteemn coast of Majorca
(Fontseré, 1918). In all likelihood, some tsunahase not been reflected in the historical chrosidlecause in the recent
past (18th, 19th and early 20th century’s) the @bgmrt of the Balearic Islands were uninhabitedly the tsunamis that
historically affected the towns near the coast vpereeived.

Finally, settings of the boulders depend on lodglsipgraphy and on the characteristics of the flbat transported them.
Most of the imbricate ridges are found along thes8&tor, with lower cliffs and a bigger impact at@ntial tsunamis. Up to
62 % of the boulders along the SE coastline arersubded, indicating reworking by storm waves. Bleus along the
western sites are positioned higher, and only 26¥sab-rounded, overlapping with the presenceavi-hut morphologies.
Most of the boulders of this sector have been teth@nd transported by tsunami flows, but stormesévas moved some
boulders several centimetres, reworking them lgcalhe position of the boulders along the Northstosector shows
evidences of both tsunami, and storm wave flows%7éf the sites have sub-rounded blocks and jusb2§F the sites have
imbricate ridges. Weight, distance inland and heaftsome boulders, cannot be explained by storwesaThe tsunamis
hitting the north coast of Minorca could be caulsga refraction of a tsunami wave originated o North Africa coast but

we don’t exclude submarine landslides occurringtodf Catalan platform or at the Liguro-Provencaibglatform (Fig. 3).

Conclusions

More than three thousand large boulders have bealysed on the coastal platforms of Minorca, ofahhr20 (the ones
with larger Transport Figure values) have beencsetefor this study. Weight, height above sea lewsl distance from the
edge of the cliff, indicate that they have beenodiged and positioned by the action of tsunami waatthough some of
these boulders have also been reworked by storrasvav

Boulder sites in the Balearic Islands are mainbated in the southern and eastern parts of thedslarhis fact is decisive
to demonstrate that they have been transportedumamis and not by storms: whereas the prevailmsérongest wind
comes from the north, the main tsunamigenic aréizei\lgerian coast, located S-SE of the Baleadl&nids.

Tsunamis generated off the Algerian coast are quék known. What was little known is the potentiaipact of these
waves on the coastline of the Balearic Islandsluting Minorca. Tsunami simulation models have aoméd the high

probability of tsunami wave impact along the coasthe Balearic Islands. The historical chronictdstsunami events
hitting the Islands have supported these models. [&st 2003 tsunami episode caused important dasrmiaggome—perts
harbours of the Balearic Islands.

Despite the location of the boulders being a vergdrtant issue, further information obtained frooulder orientations and
the presence imbricated ridges and/or isolatedpgrad imbricated boulders, is evidence of a comtirsuflow which can

only be originated by a tsunami. Distance from logscarpments can exclude that any of the bouldeadysed had its

origin from a rock fall.
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Hydrodynamic equations applied to these boulders giave run-up values that are very far from tracheof the waves
recorded in the last 50 years, a clear indicatlmt & tsunami wave was the cause of their dislodgéntransport and
setting. Weights up to 228 t (llla de I'AirBig. 7), altitudes reaching 31 m (Punta NBig. 8) above sea level, and distances
from the cliff edge of up to 136 m (llla de I'Airegonfirm the results obtained in our calculatioHsstoric data of storm
waves, or even medicane (11 m) events, cannotiexipka size and positioning of the boulders.

Dating by 14C and obtained from pan dissolutioregagstablish an age range for tsunami emplaceniethie cstudied
boulders between the 17th and 19th centuries. Duhiis period, seven earthquakes with intensitiegdr than X have been
documented along the North Algerian coast and klohical tsunami phenomena have been described ffistorical

records in the Balearic Islands.
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Figure 1: Up) Boulder sites at the Balearic IslandsDown) Situation of the sampled areas: A) West, BYorth and C) Southeast of
Minorca. Most of the northern coast does not havéttoral platforms able to preserve boulders and mosof the southern central
cliffs show altitudes out of reach of tsunamis (upo 70 m)
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5  Figure 2. Instrumental seismicity of the Western Mditerranean Region (from ISC Catalog) for depth inerval 0-50
km. Modified from Vanucci et al., 2004. P refers tdPalma, C refers to Campos and S refers to Santanyhree sites

mentioned in the text.
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Figure 3: Tsunami simulation, generated from a nortlern Algeria earthquake, impacting the Balearic Islads. Accumulated
maximum height 1.5 h after the break of the fault3 segments at a time, with a deviation of 80 °. Sae: Roger and Hebert (2008).
5 Yellow dots correspond to study sites were bouldetsave been found. Note the correspondence betwedre tsimulation results and
the location of the boulders.

Table 1. Historical tsunamis phenomena impacting ithe Balearic Islands, modified from Roig-Munar (205). Information
sources (IS): (1) Fontseré (1918) and (2) Martine2elares (2001) and Silva and Rodriguez (2014) (g 2, for location).

10

Data 1S

1660 Majorca, Palma, Campos | Earthquake and tsunami 1
1721 Balearic Islands Earthquake and sea water withdrawal 1
1756 Majorca, Santanyi Tsunami and big waves 1
1756 Balearic Islands Tsunami and flooded coasts 2
1790 Alboran Sea Tsunami 2
1804 Alboran Sea Tsunami 2
1856 Minorca, Mad Tsunami and seismic wave 1
1856 Algeria Tsunami 2
1885 Algeria Sea level changes 2
1891 Algeria Tsunami 2
1918 Minorca, Mao Seismic wave 1
2003 Algeria Earthquake (7.0) and tsunami 2
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Figure 5: a) Example of triangulation of a boulderto obtain the actual volume §a Caleta, Minorca). b) Unconformable post-

depositional morphologies (yellow) over pre-existig solution pans (red) gon Ganxo, Minorca).

Table 2: Equations used in the analysis of Minorcadulders

Ht Hs
submerged Ht =[0,250s - pw / pw ) 2a] / [(Gs (ac/B)+ C] | Hs =[(ps- pw / pw) 23] / [(Ga (ac/B)+ C]
. Ht =[0,25 ps - pw / pw) [2a — Gn (a/b) (U/9)] /| Hs = [(ps - pw / pw) [2a — 4G (a/b) (U/9)] ]

Nott (2003) subaerial [Cd (ac/B)+ Ci] / [Ca (ac/B)+ Ci]

joint bounded boulder Ht =10,25 ps-pw/pw)a]/ G Hs =[ps-pw/pw)al/ G
Pignatelli .- e~
(2009) joint bounded boulder Ht =[0,5-C: fs-pw/pw)] / C
Engel and subaerial Ht = 0,5u-V-pp/ Co-(a-c-q) pw Hs =2u-V-pp/ Co-(a-c-q) pw

- Ht = (pb - pw)- V- (co® + p- sind) / Hs =(b - pw)- V- (cosd + - sinB) / 0.5-
May (2012) joint bounded boulder 2.0w.CL-a-b-q ow.CL-a-b-q

Ht tsunami height a large axis of the boulder| 4 |C coefficient of drag

Hs storm wave height b medium axis of the boulder | |C coefficient of lift

Ps boulder density [ short axis of the boulder| m C coefficient of mass

pw sea water density g force of gravity u speed déniow

V Volume abc of the boulder q boulder area coedfiti 0 cliff top steepness

u coefficient of friction
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Figure 6: a) Examples of mega-boulders displaceddm the edge of the cliff at Illa de I'Aire, SE of Mhorca, 15 m asl., b) Set of
imbricate boulders at Sant Esteve, SE of Minorca, bupin circle is 60 cm long c) Boulder ridge at PuntdNati, W of Minorca, 21 m
asl. d) Ridge of imbricate boulders at Alcalfar, E &Minorca, 4.5 m asl. See fig 6 and 8 for location.
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Figure 10: Chronology of the post-depositional dissolution pasmfound on the surface of South Minorca boulders: fie
ages, in years AD, correspond to the post depositial dissolution pans measured on the boulders of ¢hsampled
localities. The blue dots indicate the average agé each locality. The bar indicates the range of dpersion of
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