N

N

A Megathrust earthquake as source of a Pre-Colombian
tsunami in Lesser Antilles: Insight from sediment deposits
and tsunami modeling
L. Cordrie, N. Feuillet, A. Gailler, M. Biguenet, Eric Chaumillon, P. Sabatier

» To cite this version:

L. Cordrie, N. Feuillet, A. Gailler, M. Biguenet, Eric Chaumillon, et al.. A Megathrust earthquake as source of
a Pre-Colombian tsunami in Lesser Antilles: Insight from sediment deposits and tsunami modeling. Earth-
Science Reviews, 2022, 228, pp.104018. <10.1016/j.earscirev.2022.104018). {insu-03643021)

HAL Id: insu-03643021
https://insu.hal.science/insu-03643021v1

Submitted on 21 Jul 2023

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://insu.hal.science/insu-03643021v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Earth-Science Reviews

May 2022, Volume 228, Pages 104018 (27p.)
https://doi.org/10.1016/j.earscirev.2022.104018
https://archimer.ifremer.fr/doc/00764/87631/

A Megathrust earthquake as source of a Pre-Colombian
tsunami in Lesser Antilles: Insight from sediment deposits
and tsunami modeling

Cordrie L. 12", Feuillet N. 2, Gailler A. 1, Biguenet M. 34, Chaumillon E. 3, Sabatier P. 34

1 CEA, DAM, DIF, F-91297 Arpajon, France

2 Université de Paris, Institut de physique du globe de Paris, CNRS, F-75005 Paris, France

3 Université de la Rochelle, UMR 7266 LIENSSs, 2, rue Olympe de Gouges, 17000 La Rochelle, France
4 Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, EDYTEM, Béatiment « P6le Montagne », 5 bd
de la mer Caspienne, 73376, Le Bourget du Lac cedex, France

* Corresponding author : L. Cordrie, email address : louise.cordrie@gmail.com

Abstract :

No megathrust earthquake similar to the Magnitude class 9 events in Sumatra in 2004 or in Japan in 2011
was firmly reported at the Lesser Antilles subduction zone. The largest known tsunamis followed either a
strong intraplate earthquake (1867, Virgin Islands) or were transoceanic due to the 1755 Lisbon
earthquake. In this region, where the convergence rate between the American and Caribbean plate is
low, the recurrence time of large earthquakes may be long (several centuries or millennia) and the
historical record of such events is short. It is thus difficult to estimate their impact and becomes crucial to
gain information from longer-term geological records and tsunami modeling. An increasing number of old
prehistoric tsunami deposits have been identified in recent years on several islands in the northern
segment of the Lesser Antilles arc, between Antigua and Puerto-Rico, in Anegada, St-Thomas (Virgin
Islands), Anguilla and Scrub islands. Here, we carefully review all those studies and evidenced that most
tsunami deposits are about 500 to 800 years old (1200 to 1500 cal yrs. CE) likely suggesting a large event
or a cluster of events at that time. We combined information provided by the sedimentological records
(distribution and altitude of the sediment deposits) and tsunami models to discuss the origin of the middle
age Pre-Colombian event(s). We listed all faults as possible sources of tsunamis in this complex tectonic
region. We performed 35 run-up models by using high-resolution/topographic grids to compare the
simulated wave heights and run-up distance to the sediment record. We showed that few models are able
to generate tsunami waves which heights and run-up distances match the characteristic of the observed
tsunami deposits. These models are Magnitude class 9 M-thrust earthquakes rupturing the subduction
interface between 30 km in depth to the trench facing Anegada Island. Magnitude class 8 outer-rise
earthquakes, modeled along the trench, are other candidates for the Pre-Columbian event(s) although
less convincing than the mega-thrust ones. The realism of these models is discussed in the light of the
recent coupling models of the subduction zone based on short-term geodetic records. Finally, considering
all the results and data, the equally strong hypothesis that these sediments were deposited by one or
several storms remains less convincing than our tsunamigenic earthquakes scenarios. We conclude that
the occurrence of one or several large megathrust or outer-rise earthquakes in association with damaging
tsunamis likely have occurred in the past in the Lesser Antilles and could occur again in the future. This


https://doi.org/10.1016/j.earscirev.2022.104018
https://archimer.ifremer.fr/doc/00764/87631/
http://archimer.ifremer.fr/
mailto:louise.cordrie@gmail.com

opens the discussion on the threat posed by such catastrophic event in these densely populated and
touristic regions.

Keywords : Tsunami, Subduction, Sediments deposits, Lesser Antilles, Pre-Columbian, Fault models,
Simulation



Introduction

The Lesser Antilles subduction zone is one of the most seismically quiet worldwide. The
convergence rate between the North and South American and the Caribbean plates is low (~2
cm/year) and most damaging earthquakes reported in the Lesser Antilles Arc in the last
decades are either shallow crustal events, in the overriding plate or deep intraslab events
(Feuillet et al., 2011b), Figure 1. No megathrust earthquake similar to the Sumatra 2004 or
the Japan 2011 events was firmly documented in the historical record and none was
associated with a huge tsunami. However, six large M7-8 class damaging earthquakes have

been reported: on April 5 1690 near Barbuda (Ms~8.0), on February 8 1843 near Guadeloupe



(Ms>8.0), on November 18 1867 near the Virgin Islands (Ms~7.2), on January 11 1839
offshore Martinique (Ms~7.8), on December 25 1969 offshore Guadeloupe (Mw=7.2) and on
October 8 1974 near Antigua (Mw=7.5). Among them, the 1839 and 1843 events are strongly
suspected to be interplate earthquakes (Feuillet et al.,, 2011b). Whereas the 1867 Virgin
Island earthquake generated an important tsunami with nearshore waves of about 10 m that
devastated the closest islands (Sainte-Claire Deville 1867; Reid and Taber 1920), the 1843
one likely promoted a small tsunami only, with no damage reported in English bay in Antigua
(Antigua Weekly Register, 1843; Sainte-Claire Deville, 184%). In the region, the historical
catalog of telluric events only goes back to 1690 but ircrecsing evidence of an older
prehistoric event are identified in the geological records (Itigut net et al., 2021; Fuentes et al.,
2017; Atwater et al., 2017). Pre-Columbian sand de~c<n. and coral boulders (dated from a
period between 1200 AD and 1500 AD) were found aiung the coast and in several ponds in
the northern part of the Lesser Antilles Arc “A-auvila) (Biguenet et al., 2021), in the Virgin
Islands (Anegada and Saint-Thomas) (2 wa er et al., 2017; Fuentes et al., 2017) and Puerto
Rico (Donnelly and Woodruff, 2007) «.*testing for a main event in the area, possibly located on
the northern portion of the trench. This segment of the subduction zone is strongly curved
implying that the convergence 1. quasi frontal offshore Antigua and highly oblique offshore
Puerto Rico (Figure 1). This ge.rarates an intense slip partitioning and strike-slip faults parallel
to the trench in the pr'sm nd the arc. In addition, numerous obligue and normal faults
(limiting deep basins) cut across the overriding Caribbean plate perpendicularly to the trench
(Figure 1) and accommodate this main transition in convergence style (Feuillet et al., 2011;
Laurencin et al., 2018, 2019). The very low slip deficit detected with GPS measurements
along the plate interface (Symithe et al., 2015, van Rijsingen et al., 2020), suggests that the
interface from Guadeloupe to Puerto-Rico is uncoupled at least at short time scale implying
that this plate boundary is not able to promote a large thrust event or may hold the
characteristics of a very long seismic cycle (Symithe et al., 2015). Identifying the source of
this potential major Middle-Age and Pre-Colombian event is crucial to better understand the

seismic cycle of this plate interface and the seismic hazard associated. Here, we 1/ review



sedimentary evidence of this pre-Columbian tsunami in the Lesser Antilles, 2/ list all the
potential faults that could trigger an earthquake in the area encompassing the three islands of
Anguilla, Anegada and Saint-Thomas 3/ perform tsunami simulations using high-resolution
grids, and 4/ use run-up models to compare the simulated wave heights with all the deposits

locations heights to conclude on the most probable source and magnitude of this event.

| - Historical earthquakes and tsunamis

The volcanic arc of the Lesser Antilles results from the subdiic.~n of the South and North
American plates under the Caribbean plate at a rate of ~2 Z~vy. 1n a southwestward direction
(Demets et al., 2000), In the northern part of the arc, to. aras the Virgin Islands, the curvature
of the arc and consequently the obliquity of the c.vzrgence increases and the tectonic
deformation becomes complex. Numerous intra Jle.e faults cut across the overriding plate and
represent significant sources of potential .-us:2l shallow earthquakes (Feuillet et al., 2002,
2011b). Those events are dominant in thc historical catalog with most of the main events
(Mw>5) having likely ruptured intrap’..*e 1aults during the last century (Feuillet et al., 2011b):
in 1690 (M~8, near Barbuda), in LY.5 (Mw=6.2, near Montserrat), in 1950 and 1961 (Mw=6.0
and Mw=5.5 near Nevis and Sc.nt-Kitts), in 1969 (Mw=7.5 near Barbados), in 1974 (Mw=7.4
between Barbuda and Ar*auc), in 1985 (Mw=6.3 near Redonda) and in 2004 (Mw=6.3 near
Les Saintes) (Figure 1). DOy the largest January 11, 1839 and February 8, 1843 Magnitude 8
class earthquakes may have been large thrust events at the subduction plate interface. Their
sources are however still debated (Feuillet et al., 2011b, Hough, 2011). The January 11, 1839
earthquake occurred east of Martinigue and was felt in the surrounding islands with an
intensity of VIII to IX (estimated magnitude of 8.0; Feuillard, 1985 and Robson, 1964). Fort De
France, the main city of Martinique, was destroyed and several hundred people were killed.
The 8 February 1843 earthquake occurred offshore between Guadeloupe and Antigua, the
two most damaged islands, destroyed the city of Pointe-a-Pitre and killed more than 1500

people. The intensities estimated at 1X in a large part of the arc between Dominica and Nevis



and at Il in New York City imply a large source of magnitude between 8.0 and 8.5 (Robson,

1964 and Shepherd and Lynch 1992, Feuillet et al., 2011b, Hough 2011).

Among those events, only five earthquakes generated an observable tsunami on the closest
islands (Shepherd and Lynch, 1992) (Figure 1). The 1843 earthquake was followed by a 0.5-
1.2 m high tsunami wave in Guadeloupe and Antigua (Antigua Weekly Register, 1843;
Sainte-Claire Deville, 1843). The Mw=7.0 earthquake of 1867, which occurred in the Virgin
Island Basin generated up to 10 m-high waves in the Virgin Islands (Sainte-Claire Deville,
1867; Landers et al., 2002; Reid and Taber, 1920). The deep . ‘w=7.5 intraplate earthquake
of 1969 was followed by a weak 10-40 cm tsunami reco.dec in Barbados, Antigua and
Dominica (Shepherd, 2001; Stein et al., 1982). A 10 c.> tounami was recorded after the
Mw=6.3 Redonda earthquake of 1985 (Landers et al., 2002). The most recent occurred in
2004. The population reported waves reaching =ae than 2 m in Les Saintes and 50 cm in
the South of Guadeloupe (Zahibo et al., 200%: Le rriant et al., 2008; Cordrie et al. 2019). The
archipelago has also been affected by a :*7.ns-atlantic tsunami generated offshore Lisbon on
November 1st 1755. The tsunami wav~s more than 10 m-high along the Portugal coasts
reached the Antilles coasts arour~ 1.} ' after the earthquake. In the entire arc, observations
of several meters-high waves ana run-up were reported with numerous inundations of the
islands’ lowlands (Robson 19¢4, Zahibo et al., 2005). Several authors performed trans-
atlantic far-field tsur. ™ mrndeling to check the reliability of their source against the NW
Atlantic coast tsunami «ata (Barkan et al., 2009; Roger et al., 2010; 2011; Clouard et al.,
2017; Paris et al., 2021). The historical observations are well reproduced by the tsunami
simulations generated by a source located across the ocean and they bring a deeper
understanding of the marine submersion and sediment transport associated to this event

(Clouard et al., 2017; Paris et al., 2021).

Il — Sediment records of a Pre-Colombian tsunami



Recently, the study of five sediment cores sampled in the islands of Anguilla and Scrub
during a fieldwork in March 2018 revealed the presence of a 1200-1500 cal yr CE tsunami
(Biguenet et al., 2020) coeval both with a Pre-Colombian tsunami deposits found farther north
in the Virgin islands (in Anegada and Saint-Thomas) (Atwater et al., 2017; Fuentes et al.,
2017) and with evidences of extreme marine submersion events in Saint-Martin, Antigua,
Culebra, Jamaica, the ABC islands and further places (Bertran et al., 2004; Malaize et al.,
2011; Well et al., 2017; Bain et al., 2010, 2016; Burn et al.,, 2017; Donnelly et al., 2005;
Palmer et al., 2020; Scheffers et al., 2002, 2006; Radtke et a'., 2003; Morton et al., 2006;
Engel et al., 2016). Starting from Anguilla and Scrub sedim :nt -ecords, we reviewed all the
tsunami deposits dated from this age in the surrounding i Jland's presented in Figures 2 and 3

and listed in Table 1.

a) Anguilla and Scrub

Anguilla Island displays an asymmetric gr v.101,"hology with a very steep northern coast with
10 to 20 meters high cliffs and a low-lying ~outhern coast along which were several ponds
developed (Figure 4). Eastward, the s,man Scrub Island has a gentler topography with pocket
beaches and several ponds and lay>ons. Numerous boulders, clasts and sand layers, were
detected all along the coast 2t ,*nguilla and Scrub islands and were inferred to be tsunami
deposits (Scheffers et al., 270C). The analysis of the three and two cores sampled in Anguilla
(Long Pond, Biguenet €. al., 2020) and in the western most lagoon of Scrub (Biguenet et al.,
2021) revealed the presence of 1364-1469 and 1471-1643 cal yrs CE old tsunami deposits.
Anguilla Long Pond and Scrub Lagoon are separated from the sea respectively by 2-3 m and
3-4 m high barriers (Figure 4), which are therefore the minimum heights of the extreme waves

that generated these deposits.

b) Anegada

Anegada is also a low-lying limestone island on which many salt-ponds have developed.



Enormous amounts of scattered clasts were identified mainly on the north part the Island
(Atwater et al., 2017) with more than 200 coral boulders (brain corals and other coral
species), limestone slabs, limestone boulders and cobbles. Some of them were found 1 to 2
km inland and most of the boulders (whose diameter range between 0.3 m and 2.7 m) were
found several meters above sea level behind 2-6 m high ridges (Figure 5). Radiocarbon ages
obtained from 36 clasts (corals, valves, shells) associated to a main sand sheet yield the
range of 1000-1500 cal yrs CE, and the radiocarbon ages obtained from 16 brain corals
correspond to a period of 1200-1480 cal yrs CE, a period a'sn indicated by the age of the
brain coral clasts, conch shells, and by the youngest of the I'icir > ages. This 1200-1480 time
window likely applies to initial emplacement of the ir‘ana fields of scattered limestone

boulders and cobbles.

Another sand and shell sheet is bracketed by radis,carubon dating and historical evidence in
the range 1650-1800 cal yr CE. The flooding in 2250-1800 is associated with the tsunami of
Lisbon in 1755, the waves may have ric *n 7jradually against beach ridges of the north shore
without transporting coarse clasts fro..» the reef and merely reworked the, already in place,
smaller limestone clasts. This overw ish event was much less powerful than the 1200-1480
Pre-Colombian one which like'y 1 ~sulted into the entrainment of coral clasts and mollusks
from the fringing reef incltding 9.3 m to 2.7 m diameter coral boulders, into the abundant
breaching of beach ridge s ar d into a flow that probably crossed the island from north to south
reaching heights of at le~5t 4 m and deposited of a sandy fan with clasts and shells near the
south shore. The origin of this event is unsure, it was either a tsunami of nearby origin or an
unusual storm but its impact at Anegada largely exceeded any overwash event that may have

occurred in the last 500 years, even the 1755 one.

¢) Saint-Thomas

Sediment cores sampled in four coastal ponds and one mangrove on Saint-Thomas Island

(Fuentes et al., 2017) showed five unusual overwash deposits (Figure 6). Their mixed sand



composition (marine and lacustrine), the erosional contacts, the fining upward sequences and
sometimes the presence of a mud cap are interpreted by the authors as evidence of tsunami
deposits. In comparison with other overwash layers showing sharp but not erosive contacts or
only lacustrine composition and that are interpreted as storm deposits. The tsunami deposits
are composed of mixed lithic and carbonate sand, marine shell, coral boulders and
fragments. One of them is dated between 1200 and 1450 cal yrs CE and has been identified
at all the five studied sites covering a 25 km long and 10 km large area, suggesting that it had
a significant impact (Fuentes et al., 2017). Moreover, the five ponds are separated from the
sea by 2 m high barriers (Figure 6), the minimum height of th 2 w.ves that impacted the island

at that time.

d) Tsunami or storm deposits and discontinuities

Other Pre-Colombian traces of extreme overvasiies have been identified in the surrounding
islands of Culebra, Saint-Martin, Antigu> and Barbuda. Their origin (storm or tsunami) is
uncertain but in the light of new finding *rom sediment cores in the Virgin Islands, it cannot be

excluded that they may correspond tc the same Pre-Colombian tsunami.

Three cores of sediment wee >ampled in Big Culebrita Salt Pond, a pond located on the
northwestern tip of CuleL:2 .siand (Donnelly et al., 2005, Figure 2). Several layers were
interpreted as storm acnosits, but the authors do not exclude the possibility of tsunami
deposits. One layer, above another 692-793 cal yrs BP old one is particularly thick (15-20 cm)
and presents abrupt contacts with the underlying and overlying layers. It is made of sandy
shell and was observed on the three cores. The clay around this layer was reworked during
its deposition. Using Calib 8.2 Marine20 calibration curve, we obtained a maximum age of

1100-1300 cal yrs CE for this deposit.

Many transported boulders were identified along the coastline of Saint-Martin, the largest one
being located on the westernmost peninsula at 6 m above sea level (Scheffers et al., 2006).

However, most of the tsunami traces (boulders and sand deposits) are located on the



opposite eastern shore, on a small island at the entrance of Baie de 'Embouchure. Three
cores were sampled in a pond located in the northern part of the island (Bertran et al., 2004 -
Malaize et al., 2011) and chronology on those sediments yielded ages between 1000 and
1800 cal yr CE. The sedimentological evidence supports a storm origin for most of the

deposits but the authors do not exclude that some sand layers correspond to tsunamis.

In Antigua, a core was sampled in the Nonsuch Bay, on the north-eastern coast (Well et al.,
2017). One coarse sand layer with microshells and high sodium content contrasts with the
rest of the core, mainly composed of clay and volcanic ashe .. The authors suggest that a
storm surge was responsible for this unique coarse sediment 'ay«.r. This layer lies in between
two layers dated at 295 and 600 Cal yr BP and corre spons approximately to the range of

1350-1655 cal yrs CE, a period which fit that of the - re-Colombian tsunami.

Samples and sediment cores were collected in 3#.t1da in 2010 (Bain et al., 2010; Bain et al.,
2016; Burn et al., 2017). From the core a alylis, the authors do not mention the possible
occurrence of a tsunami (Burn et al., 2016,. However, based on historical, archeological and
archaeobotanical studies and the 7. 'vais of charcoal concentration in the sediments, the
authors proposed that the island wa- abandoned around a date between 1300 and 1500 cal
yrs CE (Bain et al., 2017). Tis could be linked to the impact or devastation of the island by

an extreme event like a tou>an.

e) Regional picture

Overwash deposits have also been identified in Curacao, Bonaire and Aruba (Figure 2), 3
islands southwest of the Lesser Antilles arc (Scheffers et al.,, 2002; Radtke et al., 2003;
Morton et al., 2006; Engel et al., 2016). Those debris, made of boulder fields, rampart
formation and ridges, are present on the northeastern coast of the three islands and reach 8
to 12 m above sea level and 400 m inland. Ages of 43 samples yielded three main time units,
one of them corresponding to an age around 1250 and 1650 cal yr CE that matches the

1200-1500 cal yr CE period. The nature of the event is debated, several authors favor the



tsunami hypothesis (Scheffers, 2004; Engel et al., 2012), but other argue that storm waves
would be sufficient to explain the deposits (Morton et al., 2008; Spiske et al., 2008). On the
north side of the Caribbean Sea, 15 sediment cores were sampled in a pond of the
southeastern coast of Jamaica (Palmer et al., 2020). One washover unit dated from 1290-
1400 cal CE was identified in 13 cores, the origin is unclear, but the hypothesis of a tsunami
is not excluded by the authors. The strongest tsunamigenic earthquakes of those last
decades have shown that a tsunami can propagate and conserve high amplitudes far away
from its source. Aruba, Bonaire, Curagao and Jamaica are locafed 300 to 500 km away from
the northern part of the Lesser Antilles arc, it is reasonable © <ssume that a major tsunami
generated on the arc could propagate that far away. Ho vewe r, it is not evident that it could

conserve sufficient energy to displace the observed a~..~ui.* of sediment.

The graphic presented in Figure 3 gathers al' the tsunami traces of the Lesser Antilles
described above. The possible paleo tsunan:s iaentified in this region for the past millennia
are few. The traces found in Saint-Thomc< Anegada and Anguilla are very close in time and
in space. They could be related to on. same major tsunami, but the sediment chronology
provides a total period (blue she-e .~ Figure 3) ranging between 200 to 300 years so the
hypothesis of several tsunam's occurring during this period should also be considered. In
both hypotheses, tsunami +'mu ations can be used to identify the possible sources from the

fault systems of the 7.~ con20le of producing the observed impact in near and far field.

Ill = Possible sources of tsunami

The deposits in Anguilla, Anegada and Saint-Thomas are suspected to be associated to a
major tsunami which can have multiple origins. Indeed, the northern part of the arc is affected
by several major active tectonic features which are possible sources for such a tsunami.
There is the subduction zone with the Puerto-Rico trench associated faults, the Anegada
passage composed of several grabens and normal faults perpendicular to the arc and several

additional intra-arc fault systems in between the islands (Figure 1).



a) The intra-arc fault systems

The Lesser Antilles inner-arc displays two fault sets: (1) one group of trench-perpendicular
normal faults along the eastern edge of the arc accommodates the trench parallel extension
and (2) a set of en-echelon normal faults between Les Saintes and Redonda that
accommodates left-lateral transtension (Feuillet et al., 2000, 2002, 2011). The relative plate
convergence along the Antilles subduction zone is known to be smaller than that of other
subduction systems with a slip-rate of 19 mm/yr (Demets et al., 2000). There is no accurate
measurement of the slip-rate along the inner-arc fault system, L.t it is estimated to be around
a few mml/yr (Leclerc et al., 2016). Given these active fau.'s #re 20-50 km long, they are
potential sources of M>6 earthquakes and the slip-rate i sc*icient to consider the occurrence
of such intra-arc earthquakes as seriously as the -ccLrence of a megathrust earthquake

along the subduction plate boundary.

The historical seismicity is indeed grer.e, in the intra-arc fault systems than along the
subduction contact, with several tsunamigcnic earthquakes recorded in history. The 1867
earthquake of M7.0 in the Virgin Islz.nv . aenerated a large tsunami in the closest islands, with
10 m waves reported (Reid an« Taher, 1920), occurring along some shallow normal fault
systems. Similarly, the Rose~u .~ormal fault system south of Guadeloupe ruptured in 2004
and generated a tsune.. i Les Saintes Island, smaller than the 1867 one but still
consequent for a M6.3 (arthquake. Those events show the tsunami potential of the Lesser
Antilles intra-arc fault systems, it motivated us to start the study with the hypothesis of a
tsunami generated by a local shallow normal fault before the mega-thrust earthquake

hypothesis.

The sea-floor images of the Lesser Antilles northern segment reveal numerous traces of
faults reaching the surface, structuring the carbonate platforms and cutting through the
islands (Laurencin et al., 2017; Styron et al., 2020). Half of those faults are perpendicular to

the arc, segment the eastern side of the carbonate platform and have seaward facing sharp



reliefs. Among them, the set of faults associated with the Anegada passage is an important
source of potential ruptures including the 1867 earthquake one. This passage is cutting
through the arc from the Whiting Basin at the limit of Puerto Rico micro-plate to the Sombrero
Basin where the subduction front reaches its maximum curvature (Laurencin et al., 2017). It
has a great influence on the dynamic of the arc evolution and is an active feature of the area.
The other half of the intra-arc faults have a northwest-southeast orientation, generally parallel
to the arc, located in between the islands or crossing them (Feuillet et al., 2011). Those faults

are 30 to 50 km-long with a dip oriented either to the northeast or the southwest.

b) The subduction zone

The subduction beneath the Lesser Antilles arc disp.~vs heterogeneous characteristics from
the northern to the southern end. The seismoc er.c zone is 60-65 km deep (Pauletto et al.,
2017; Laurencin et al., 2018; Bie et al., 2027) v.th a shallow interplate seismicity observed at
approximately 10 km depth (Laurencin e. al., 2018). The uppermost portion of the slab
(between 0 and 30 km) dips at arou”... 1b" in the North and 15° in the Central part of the arc,
whereas it dips at 20° between 3u and 50 km and at 40-50° at depth larger than 50 km
(Pauletto et al., 2017; Laurercn, <t al., 2018; Bie et al., 2019). The distribution of seismicity is
heterogeneous along th~ a.z. There are seismic gaps, particularly along the segment
between Anguilla and Carvuda (McCann and Sykes 1984). The geodetic studies suggest a
very low coupling along the subduction interface (Manaker et al., 2008; Symithe et al., 2015,
Calais et al., 2016), meaning that no strain accumulates during the interseismic period at
plate interface to be released during a future earthquake. However, this coupling rate is
estimated over a short period with geodetic instruments, and this may be different over longer
period of time (several decades and centuries) as inferred from coral microatoll studies (Weil-
Accardo et al., 2016, Philibosian et al., 2022). Moreover, two earthquakes in 1839 and 1843,
of an estimated magnitude larger than 8, are already suspected to have occurred on the

interface.



c) Intraslab earthquakes

Intermediate-depth intraslab earthquakes have been identified in several subduction zones
(Hasegawa and Nakajima, 2017) like Tohoku and Cascadia and associated to dehydration
processes. Cascadia is particularly interesting because of its similarities with the Antilles arc:
slow subduction zone with a small dip angle. Moreover, dehydration processes have been
identified in the southern part of the arc (Pauletto et al., 2017) so the hypothesis of similar
processes in the northern segment that would lead to a fault rupture in the slab would not be
so surprising. The subduction of fractured features and reliefs a ongside a slab was correlated
to intermediate depth seismicity variation in Peru and Vanuat.' (Kumar et al., 2016; Baillard et
al., 2018). Reliefs like oceanic ridges (DER in Vanuatu) .sre ~e"it dense fracture systems which

favor the hydration of the crust prior to subduction.

Along the Antilles subduction, the prolongatior( r.r Barracuda ridge corresponds to another
ridge named the Main Ridge in the nort'.c n un of the arc. If the subducted ridge actually
continues between those features, then it _hould be located at around 25-30 km-depth and
150 km distance from the trench. Tk “va,ation of the Barracuda Ridge has not been studied

but the subduction of this relief re pre>ents another potential source of earthquake.

d) Puerto-Rico Trench ana :1ain ridge

In the northern segmrent L f *.1e Lesser Antilles arc, north of Puerto-Rico, the underthrusting of
the Main Ridge at the tip of the most curved part of the subduction form a complex tectonic
zone with changes in fault system trends (DeMets et al., 2000; Grindlay et al., 1997; Grindlay
et al., 2005). The convergence between the two plates is partly accomodated by strike-slip
motion of Bunce fault along the trench and the Bowin fault, which borders the Main Ridge
(Figure 1, DeMets et al., 2000; Grindlay et al., 2005). The Bowin fault is composed of one
thrust fault and one back-thrust fault on both side of the ridge. This segmented fault system
displays a strong reverse component with a steep dip of 60° (Grindlay et al., 2005; Ten Brink

et al., 2005) and represents a potential tsunamigenic source.



In addition, seismic profiles evidence important outer-rise normal faults that bound large
blocks rotated by the collapse of the trench floor (Ten Brink et al., 2005; Marcaillou et al.,
2021). Bathymetric data of the northern segment of the Antilles arc (Andrew et al., 2013)
reveal multiple fault scarps of 50 to 100 km length slightly oblique along the trench north-east
of the Main Ridge. They also represent serious candidates of tsunamigenic source already
considered in the study of Anegada’s tsunami deposits (Buckley et al., 2012; Atwater et al.,

2017).

e) One or several earthquakes?

As presented in the previous part, several islands of the . Dresent tsunami deposits dated
from the same period. However, we are not able to e.>sure that all those traces have the
same origin. Thus, we decided to model sources w:*» a potential regional tsunami impact
such as mega-thrust subduction fault but also ‘ault candidates that generate more localized
tsunami impact and that might not reach = “f u:2 three islands. So, as described in previous
paragraphs, almost all the potential seisii.'’c sources in the region surrounding Anguilla,
Anegada, Saint-Thomas are consid-:re 1 i1y this study. They are divided in two categories: the
normal shallow faults (intra-arc fau't systems, outer-rise faults, wedge faults...) and the

subduction thrust faults (Tab!~ 1, Tigure 7, Figure 8).

IV —Modeling Method

The initiation is the seafloor deformation generated by the rupture of fault and modeled using
the Okada (Okada et al., 1985) formalism. It assumes an elastic, isotropic and homogeneous
medium in which a rectangular fault ruptures with a uniform slip. It gives the ground surface
displacement as a function of geometric parameters (dip, strike and slip angles, fault length
and width, depth and slip dislocation) and of the surrounding rocks parameters. Compared
with the tsunami velocity (0.2 km/s), the rupture velocity (about 3 km/s) is large, so the

surface displacements over the faulted regions are assumed to be instantaneous with respect



to waves modeling. The sea water is considered as a homogeneous, incompressible and

non-viscous fluid.

a) Characteristics of the model

Taitoko is a parallelized numerical code developed by Heinrich et al., (1998) and Hebert et
al., (2001) which computes the propagation of tsunami waves generated by a seismic source
(Heinrich et al., 2020). It has been applied to numerous worldwide tsunamis and has proven
its efficiency, especially in the Pacific. An area where ample data are available to validate the
simulation of waves triggered by historical and great earthque!:~s o f the last decades (Hébert
et al.,, 2007; Hébert et al., 2009; Schindelé et al., 20175, Roupardin et al., 2018). It was
recently used in the study of the 2018 Palu earthquake and tsunami (Jamelot et al., 2019).
The simulation is composed of three steps: the initiatie~ of the wave, the propagation and the

run-up at the coast.

This code solves nonlinear shallow vatFr equations, written in spherical coordinates.
Frequency dispersion is assumed to L'ay a minor role since propagation distances are short.
The nonlinear long wave equations a e solved by means of a staggered-grid finite difference
method. Nonlinear terms in th~ 1.adel are approximated with upwind finite differences, and
linear terms are approximatea v centered finite differences. The temporal scheme uses an
iterative procedure and s besed on a second order Strong Stability Preserving Runge Kutta
method. To deal with <hoaling and resonance effects of the tsunami waves, detailed
bathymetric grids are used for the precise modeling of the coastline response in bays and
harbors. To this end we calculate wave propagation on successive levels of nested grids of
increasing resolution close to the shore, built using available bathymetric and topographic
data. Open free boundary conditions are prescribed to the boundaries of the mother grid
covering the studied area, and wave heights along the boundaries of a fine grid are spatially
interpolated at each time step from the value computed in the coarse grid containing the fine

grid.



The method takes into account the inundation of the coastal areas and allows us to compute
run-up values along the first tens of meters of the nearshore topography. Numerically, this is
handled by an extrapolation of the results from dry to wet nodes at the dynamic shoreline

modulated by a Manning friction coefficient fixed to a reference value of 0.05.

b) Bathymetric grids

23 imbricated bathymetric grids were defined in order to cover the whole studied domain. The
mother grid is a 450 m resolution grid from the 2020 Gebco database (GEBCO Compilation
Group (2020) GEBCO 2020 Grid (doi:10.5285/a29c5465-b1 2R-.24d-e053-6c86abc040b9)).
An intermediate grid of 100 m resolution from the SHou.." uatabase covers the area of
Anguilla, Saint-Martin and Saint-Barthélemy (Shom, ~118. MNT bathymétrique de facade
de Saint-Martin et Saint-

Barthélemy (ProjetHomonim). http://dx.doi.org/10 .7183/MNT_ANTN100m_ HOMONIM WGS

84). Another 100 m-resolution grid fror. e THOM database covers Guadeloupe Island
(Shom, 2018. MNT bathymétriqgue de faca = de la Guadeloupe et de la Martinique (Projet
Homonim : http://dx.doi.org/10.1718s: "Ny _ANTS100m_HOMONIM_WGS84, Deplus 1998 :
http://dx.doi.org/10.17600/98010" .20, Deplus et al., 2002 :
http://dx.doi.org/10.17600/202 9029, Feuillet 2009 : http://dx.doi.org/10.17600/9020020, Laigle
et al., 2007 : 1 *p.s/dx.doi.org/10.17600/7010020 and Lebrun 20009:
http://dx.doi.org/10.176L2/9020010). A 50 m-resolution grid from the NOAA database covers
the Virgin Islands (NOAA National Geophysical Data Center. 2010: St. Croix, U.S. Virgin
Islands Coastal Digital Elevation Model. 2014: St. Thomas and St. John, U.S. Virgin Islands
1/3 arc-second MHW Coastal Digital Elevation Model. NOAA National Centers for
Environmental Information). This study is focused on the three areas of the Lesser Antilles
where most of the ~1500 cal yr CE deposits have been identified: Anguilla, Scrub, Saint
Thomas and Anegada islands (Figures 4, 5, 6). A set of 1 m and 5 m resolution grids were
built based on LIDAR data and DEM on each of those 3 places (Office for Coastal

Management, 2021: 2011 NOAA Bathymetric Lidar. U.S. Virgin Islands - St. Thomas, St.



John, St. Croix (Salt River Bay, Buck Island),

https://www.fisheries.noaa.gov/inport/item/48218.; Fredericks, X., ten Brink, U.S., Atwater,

B.F., Kranenburg, C.J., and Nagle, D.B., 2016, Coastal Topography—Anegada, British Virgin
Islands, 2014: U.S. Geological Survey data release, https://doi.org/10.5066/F7GM85F3.). The
high resolution of those later grids enables the simulation of the run-up where tsunami
deposits have been identified.

c¢) Coastal wave height and run-up

The high-resolution grids correspond to the present-day topoar7.phy of the islands. In many
locations, the continent is separated from the sea by sedi. "t barriers that could have been
built up or eroded by tsunamis or hurricanes that st ick he area those past 500 years. Most
of the dated deposits considered in this study c-e located in lagoons. Those lagoons are
separated from the sea by sediment barriers ‘Figures 4, 5 and 6) that are generally 1 to 10
meters high. Obviously, the topographic “arriers have changed during the last 500 years.
Given these uncertainties on preexisting topography, we extracted the wave height modeled
offshore at the base of the sedir:~n. Larriers before any run-up calculations. We compare
those offshore wave height v:lues to the minimal wave height needed for the tsunami to

overwash the barrier close 1. eech sediment record used in this study.

d) Calculation of a currelation coefficient

The interpretation of all the fault models results are presented in Figure 10. The correlation
coefficient represents the “goodness of fit” of the simulated wave heights compared to the
topographic heights (sand batrriers, cliff...) associated to each tsunami deposit. The correlation
coefficients presented in Figure 9 are calculated for the results of maximum water height
(offshore) reached after 2 hours of simulation. The coefficient corresponds to the comparison

of the modeled water heights (hw) to the observed coastal heights (hc) for all the studied



sites. The final correlation coefficient is the mean value of this ratio (hw/hc) with the value for

each site (s) and the total number of sites (N) :

In the upper graphic in orange (histograms a of Figure 10), the coefficient is calculated using
all the sites of this study. In the lower graphic in blue shades (histograms b of Figure 10), the
coefficient is calculated using only the sites on one of the thre: =la.ids. The Anguilla’s sites in
medium blue (Cwa,g), the Anegada’s sites in dark blue (Cwz,\ and the Saint-Thomas sites in

light blue (Cwgs).

Fow.
CWane = /Y‘ (‘hw')/Nane
Cs

n

%

The analysis of the results indeper de..*"* on each island enables us to interpret the results
with the hypothesis of the occu:--ence of not one but several tsunamis during this period of

time.

V- Fault models

The fault model parameters were chosen firstly considering the tectonic and known geological
structures of Antilles historical earthquakes mechanisms. In addition, in order to have more
realistic ranges of parameters for modeled ruptures, we looked at historical earthquake

mechanisms from other subduction zones in the world.
a) Intra-arc normal fault models

In order to generate a consequent tsunami wave, we decided to model sources of a

magnitude between 7 and 8 depending on their length. Intra-arc earthquakes of this



magnitude are not frequent but are documented on other subduction zones. In New Zealand,
the 2016 Kaikoura earthquake (Ulrich et al., 2018) reached a magnitude of 7.8 with a major
ruptured segment of 60-80 km long and 20-30 km large and a slip range of 0 to 10 m. In Chili,
an important number of crustal earthquakes occurred along the subduction zone (Santibanez
et al., 2019) like the Pichilemu earthquakes of Mw6.9 and Mw7.0 in 2010 (Farias et al., 2011)
or the Pisagua earthquake of 2014. Those events are all located at depth between 5 and 20
km, with a fault width of approximately 10 to 20 km and a slip of 2 m (Santibanez et al., 2019).
In North America, the Cascadia earthquake that occurred in 1746 (Rogers et al., 1978) was a
crustal earthquake of Mw7.2 generated by a fault of 50-70 km 'ong, a 25-35 km-wide, at a
depth of 10-40 km and an estimated slip of 2 m. Fine'ly, . ome crustal earthquakes also
occurred along the subduction zone of Indonesia (Hur.'"av.a et al., 2014; Rusydy et al., 2015)

with length of 60 to 150 km and depth of 15 km.

Intra-arc normal fault lengths around Anguill.. vary between 80 to 100 km and display steep

dip angles (45°-50°) with alternating nortr.’ :st-dipping and southeast-dipping mechanisms.

Based on the tectonic features of th: « ~ea presented in section Il (Figure 1) and the empirical
laws of Wells and Coppersmith (19y.") that links the moment of the earthquake to the rupture
area, the slip and the rigidity ~f u>e medium, we built 16 intra-arc fault models (Figure 8). The
width, depth, dip angle, ~tnne angle and slip intensity were fixed for all the models
respectively to 20 km, 6.2 km, 45°, -90° and 2 m (Table 2), a rupture that spreads from 15 km
deep to the surface, in the most brittle part of the crust. The only varying parameters of those
models are the length, the position and the rake angle, all chosen based on bathymetric and
seismic data. Those 16 models correspond to the maximized but realistic rupture scenario

associated with each fault.

b) Subduction thrust fault models

The curvature of the arc reaches its maximum angle in the north, in front of the Virgin Islands

and Puerto-Rico, a segment of the subduction where the slab is also particularly shallow



(Laurencin et al.,, 2019). The convergence obliquity is of 30° in the south of the arc and
increases northward to more than 70° generating a left lateral motion that is accommodated
by a 535 km-long strike-slip fault: the Bunce Fault (Ten Brink et al., 2004; Laurencin et al.,
2017). This fault likely delimits the internal and external parts of the accretionary prism, it
penetrates the prism until the top of the dipping plate (Laurencin et al., 2017). The rooting of
this fault on the subduction contact under the prism could be a limit to the rupture propagation
in a scenario of the accretionary prism earthquake. The trace of the Bunce fault is located
between 20 and 30 km westward of the trench (Laurencin et i, 2018) and it likely joins the
slab at a depth of 3.5 km considering a dip of 10°. Then a r.ptu e from the trench surface to
the Bunce fault root should have a width of 20 km. The subd'ucting slab presents important
topographic features that are the Tiburon, Barracuda =.-1 Caint-Lucia ridges. They generate a
deformation of the accretionary wedge and likely a*fec. the segmentation of the subduction
contact. The segmentation of the subductior .7 properties can have an impact on the
rupture propagation along the contact or shc uld be included in the choice of mega-thrust fault
models. We limited the study to the 1,>rthern half part of the subduction. The Barracuda ridge
subduction is located eastward of £ng .a and Guadeloupe at the end of the north curvature
of the arc and can be considerru 2t a first limit of segment. The Anegada passage joining the
trench at the maximum of thc arc curvature is another key feature that likely affects the

segmentation.

Using those tectonic feuwres, we created 6 mega-thrust fault models: 2 models (MT1 and
MT2) dividing the north arc on 350 km-long segments and 4 models (T1,7T2,T3,T4)
subdividing it on 200 km-long segments (Figure 7). Each of those 6 segments are modeled
with a width of 100 km, extending from 30 km in depth to the surface, and with a slip of 20 m.
The magnitudes of our models range between 8.7 and 9.0 and the parameters are chosen
following the law of Wells and Coppersmith (1994) (Table 2). Those models are comparable
in size with recent mega thrust earthquakes (2004 Mw 9.0 event in Sumatra, the 2010 Mw 8.8

event in Maule (Chili) and the 2011 Mw 9.1 event in Tohoku (Japan)).



A deeper part of the contact (30-60 km depending on subduction zone) where the slab’s dip
increases is also the source of mega-thrust earthquakes in other subduction zones. In Chile,
the events of Antofagasta in 1995 (Mw8.0) and Iquique in 2014 (Mw7.7) are examples of
those “Interplate domain C” earthquakes (Ruiz S. and Madariaga R., 2018). In the Lesser
Antilles, this “C domain” where the slabs dip increases from 10° to 20° (at 30 to 50 km depth)
would be located just under Anegada and Anguilla islands.

So, two additional deep interplate faults (Mw8.0) are modeled based on the slab geometry
and the Chilean earthquakes parameters with a length of 157« km, a slip intensity of 6 m, a

depth of 40 km and a dip of 20° (IT1 and IT2, Figure 7, Table 2).

c) Wedge fault models

Another possibility of tsunamigenic earthquake is .~< rupture of the subduction contact
beneath the accretionary prism (Wang et al., 2)C3) The magnitude of this type of events is
smaller than a mega thrust earthquake kui *he ~ombination of the very shallow location and
the fault mechanism can generate a consey, 'ent tsunami. The Mentawai earthquake of 2010
with a Mw7.8, occurred beneath thr: < ~cretionary prism and generated 5-10 m waves along
the closest coasts (Hananto ot ', 2020). The Mentawai earthquake seismologically
determined coseismic slip wcs 1..aher than 10 m for a dip of 6° (Hananto et al., 2020). Some
joint inversions (Yue et -u., 2ul4) yielded models of a 100 km-long and 5 km-wide surface

patch with 23 m of maxn.~um slip in addition to other deeper patches of rupture.

Based on the example of the Mentawai earthquake parameters and the Antilles prism
characteristics, we selected a maximizing scenario of a 100*20 km wedge fault rupture with a
slip of 20 m corresponding to a magnitude Mw8.0 earthquake. This model of rupture was
simulated on 3 locations along the trench facing Anguilla and the Virgin Islands (W1,W2,W3;

Figure 8, Table 2).

d) Intraslab faults

Based on the known intraslab earthquake rupture models (Hasegawa and Nakajima, 2017),



the geometry of the slab, the position of the subducted ridge and existing faults along the
Barracuda Ridge and Main Ridge, we modeled two rupture scenarii (IS1 and 1S2). They are
localized at 40 km-depth under Anegada and Anguilla Islands and have a magnitude of

Mw7.5 for a 50*20 km plane with 5 m slip (Figure 8, Table 2).

e) Puerto-Rico trench Outer-Rise and Ridge faults

Two segments lying around the Main Ridge identified in the bathymetric data and seismic
profiles can be modeled (Grindlay et al., 2005; Ten Brink et al., 2005): a south-west dipping
40 km-long for 20 km-wide segment north of the ridge (Ridez") «nd a north-dipping 50 km-
long for 20 km-wide segment, south of the ridge (Ridge2) /i ure 8). With an average slip of 5
m, a maximizing value for crustal earthquakes, the two .~ult models have a magnitude of 7.3
and 7.4 respectively (R1 and R2 in Table 2). Sin.'~ faults have been identified in the
Hikurangi subduction zone with 60° dipping fau lt<, that generated sequences of earthquakes

(Robinson 1994).

Associated to the subduction trench, “agnitude Class 8 Outer-Rise earthquakes may occur
in the Lesser Antilles. Those events ¢ re mainly characterized by normal faulting mechanisms
(Craig et al., 2014). The Mw8.”. \ tril earthquake of January 2007 (200 km-long normal fault,
most of the rupture in the first 52 km with an average slip of 9.6 m and a dip of 60°; Ammon et
al., 2008), generated a sma/l tsunami on Crescent coast of California. The Mw8.1 Samoa-
Tonga earthquake of Sep.ember 2009 (Rupture of 150*50 km, slip of 5 m, averaged depth of
5 km, dip of 30-50°; Lay et al., 2010) generated a tsunami of 10 to 20 m (due to 3 coeval
seismic ruptures). The Mw7.2, Sanriku earthquake of December 2012 (50-100 km-long
normal fault, average depth of 10 km with a slip between 0 and 5 m; Harada et al., 2013), but
also the less known Mw8.4 Sanriku (Japan) earthquake in 1933 and Mw8.3 Sumbawa
(Indonesia) earthquake in 1977, generated tsunami waves reaching heights of respectively 1

m, 28 m and 6m.

The bathymetry (Buckley et al., 2012; Atwater et al., 2017) and seismic imaging (Marcaillou et



al., 2021) of this trench area show multiple long fault traces that could be associated to past
outer-rise ruptures. The seismic profiles show normal faults dipping in both directions (parallel
and perpendicular to the slab) with a majority of faults dipping toward the trench. Using the
same position and dimensions as the one proposed by Buckely et al. (2012) we create a
Mw8.0 fault model located in front of Anegada island (OR1) with a length of 120km, a width of
45km and a slip of 7 m. This OR1 model dips toward the trench so we model the same fault
with a dip opposed to the trench (OR2). The propagation of the rupture deep into the mantle
has been observed for the Mw8.2 Kuril earthquake so it is accentable to model a width of 45
to 50 km. However, the 2007 Kuril, the 2009 Tonga and the 201 Sanriku outer-rise fault slip
distributions show a concentration of 5 to 10 m slip on the mo. t updip 10 km of the plane. So,
we create a fault model closer to these slip distributio”.c Wit a length of 150 km, a width of 25
km and a slip of 10 m at three different positions (Dk:. OR4, ORS5). The five fault models

have a dip of 60° and a magnitude of Mw8.0 (D1 «.CCR2,0R3,0R4,0R5; Figure 8, Table 2).

V — Results

Thirty-five tsunami simulations we.= performed for this study. We choose here to focus on the
11 faults (W2, T1, T2, T3, T4, .72, OR1, OR2, OR3, OR4, OR5) that generate the strongest
tsunami simulation in each fault category. The maximal wave heights recorded offshore
(close to deposit location® for the three islands are presented in Figure 9. The interpretation of
the 35 fault models results are presented in Figure 10. Calculations of the correlation
coefficients are explained in the Method (Part IV). They represent the “goodness of fit” of the
simulated wave heights compared to the height and position of the tsunami deposits and they
are used to have a quantified evaluation of the consistency of each model. Figures 12 and 13
present in details the maximum water height maps of Anguilla, Scrub, Anegada and Saint-
Thomas obtained respectively for models T2 and ORS3. Figure 13 show the results of run-up

on the islands of Anegada and Scrub with four profiles of maximum water heights and flow



velocities obtained for models T1, T2, OR1, OR2, OR3 and ORA4.

a) Analysis of simulation results on Anguilla and Scrub Islands

The tsunami simulations on the area of Anguilla and Scrub were performed on 5 m-resolution
grids and the two lagoons where sediment cores were sampled are mapped with 1 m-
resolution grids. We extracted the values at the coordinates of the two ponds where tsunami
deposits have been identified (Biguenet et al., 2020, 2021). In Figure 9, Scrubl gage is
located in Scrub bay, next to the lowest sand barrier's topographic height (northern part) and
Scrub2 gage is located in the bay in front of the central p:* o1 the barrier. Angl gage is
located next to the entrance of Long Pond.

The five outer-rise models (OR1, OR2, OR3, OR4 and X*R5) generate tsunami wave heights
at the limit or just above the barriers heights as it car, =< seen on Figure 9b (where the blue
curves are below the black topographic threslo'd) The water height map of Anguilla and
Scrub obtained with the fault model OR? (igure 12) show that the wave passes the sand
barrier of Scrub and barely floods the lagoo.. but does not flood Anguilla’s one. The resulting
correlation coefficients (Figure 10) e.e .»at the highest one but are still good. The mega-thrust
fault models T2 and T3, which correspond to the trench segments in front of Anguilla and
Scrub islands, generate wav. heights of 5 to 10 m (Figure 9a where the brown and orange
curves are above the bluc:” tupographic threshold) along the coast and largely exceed the
topographic threshold. 1:>e correlation coefficients are very high compared to the rest of the
models (Figure 10). The mega-thrust T1 and T4 models, the most distant ones, generate a
smaller tsunami. The water height map of Scrub obtained with the fault model T2 (Figure 11)
shows that the waves largely pass the sand barrier of Anguilla Long Pond and Scrub Lagoon
but also reach Scrub Lagoon from the other side of the island through a low topographic path.
The intra-arc (F1, F2... F14), intra-slab (I1S1, 1S2), ridge (R1, R2), wedge (W1, W2, W3) and
deep inter-plate (IT1, IT2) provide wave height too small to pass the topographic threshold
(Figure 9) and to reach tsunami sediment records, as shown on Figure 10 (medium blue color

in histogram b) with very low correlation coefficients for Anguilla and Scrub.



b) Analysis of simulation results on Anegada Island

The tsunami simulations on Anegada were performed on a 5 m resolution grid with synthetic
record of the waves on four locations along the north coastline (Anel, Ane2, Ane3, Ane4
mapped on Figure 9). The results for the maximal water heights recorded along the coast, at

each location, generated by the 11 selected fault models are presented in Figure 9.

Almost all the mega-thrust and outer-rise models generate waves high-enough to produce
run-ups reaching some deposits locations (T1, T2, T3, T4 and OR1, OR2, OR3 and OR4 in
Figure 9). The outer-rise faults OR1, OR2 and OR3 located j':c* in front of Anegada generate
waves reaching 5 to 13 m (Figure 9b) that largely exceed ‘ne *opographic threshold at most of
the locations. Except for the easternmost models OR4 cnd ORS5 that generate much smaller
waves, the correlation coefficients (histogram b, Figure “.0) are among the highest. The extent
of the flood obtained with fault OR3 on Anega le is shown in Figure 12, the run-up reaches
almost all deposit locations expect for th2 1105 remote one on land and on the south-west
coast of the island. Similarly, the four mege. thrust models (T1, T2, T3, T4) generate waves
that reach at least 3mto 4 mand vp . 20 m for models T1 and T2. They largely exceed the
topographic thresholds (Figure ©¢.3), e ‘en the model T4 that is the further trench segment from
Anegada. Figure 11 shows ‘he :arge run-up generated by fault T2, the tsunami floods the
entire island expect for tr.c igniest reliefs and reaches all deposit location. The consistency of
these mega-thrust simuiction leads to correlation coefficients close to 1 (histogram b, Figure
10). The intra-arc (F1, F2... F14), intra-slab (IS1, IS2), ridge (R1, R2), wedge (W1, W2, W3)
and deep inter-plate (IT1, IT2) fault models generate maximal waves of 0 to 2 m and remain
lower than the topographic threshold of 2 to 4 m which result in low correlation coefficients

are low as well (histogram b, Figure 10).

¢) Analysis of simulation results on Saint-Thomas

The tsunami simulations on the area of Saint-Thomas were performed on a 10 m-resolution

grid with synthetic wave records at 6 tsunami deposits locations (mapped on Figure 6). The



results for the maximal water heights recorded along the coast generated by the 11 selected
fault models are presented in Figure 9. The correlation coefficients for Saint-Thomas are

indicated in light blue in the histogram b in Figure 10.

Only the mega-thrust and outer-rise models generate waves high enough to run-up and reach
some deposit locations (T1, T2, T3, OR1, OR2, OR3 and OR4 in Figure 9). The outer-rise
models OR1, OR2, OR3 and OR4 generate wave heights of 1 to 4 m (Figure 9b) and, except
for ORS5, result in high correlation coefficients (Histogram b in Figure 10). As shown in Figure
12, OR3 tsunami floods the four ponds of Salt Cay, Saba F.nd, Magen Bay and Cabrita
Pond where sediments were cored. The most northern segmants of the trench, T1 T2 and T3
generate consequent wave heights of 2 to 8 m at the cuo<c (Figure 9a) and result in high
correlation coefficients (Histogram b in Figure 10). As sr.own in Figure 11, T2 tsunami floods
the four ponds of Salt Cay, Saba Pond and Ma7cn Bay. Among the rest of the models, only
the interplate model IT1 produces important .‘aves and run-up in the five lagoons and could

be consider as other candidates for these 7 2posits as shown on the histograms of Figure 10.

d) Tsunami intensity and iun.'ation

In order to better compare the results of outer-rise and mega-thrust models, we extracted
from the simulation, wa ‘e hvight and velocity profiles along two sections of Anegada island
and two sections of Scru', Island (Figure 13). The results obtained for the trench models T1,
T2 and the outer-rise models OR1, OR2, OR4, and ORS5. This figure is inspired by Buckley et
al. (2012) who also performed and compared tsunami simulations on Anegada island with

several fault scenari.

The mega-thrust models T1 and T2 largely flood both islands, Anegda and Scrub, with wave
reaching all deposits position as shown in the four profiles (XX, YY’, WW’, ZZ’). In Anegada,
all the outer-rise models reach the deposits on the XX’ profile but only model OR1 (green line)

reaches the most central deposit on the YY’ profile. However, in Scrub WW’, if all the outer-



rise models overpass the barrier, only model OR4 generate significant wave heights at the
core position. In Scrub Lagoon, the flow thicknesses of the outer-rise models are smaller than
1 m and very small compared to the values of 3 m to 6 m obtained with the mega-thrust
models T1 and T2 which are more convincing for transporting sediments. In addition, the very
high wave heights and flow thickness of the mega-thrust models leave room for testing faults
rupture of smaller magnitude with smaller slip or size. On contrary, the simulated outer-rise
tsunamis seem slightly too weak to explain all observed deposits, it might be corrected by
increasing the fault size or the slip intensity but leading to un 2alistic fault models since they

are already exaggerated beyond all existing similar events in (he ‘iterature.

In Buckley et al. (2012), they compare the waves gene ai.4 by a Mw8.7 mega-thrust model,
a Mw8.0 outer-rise model, a 1755 Lisbon fault mod«l ar d a storm. Their mega-thrust model
generates much smaller waves than ours beca':~e they use a source of 630 km length (T1
and T2 length is 200 km) with a slip of 8.6 r. (T1 and T2 slip is 20 m) leading to a tsunami
energy that is spread over a larger arec. Jsing sediment transport inverse modeling, they
calculate the minimum wave velocities .=~quired for the transport of the observed sediments.
Only their outer-rise model gener~te> consistent velocities for the sediment transport while
both our mega-thrust and oute* -rise models generate consistent velocities with equivalent and

higher values.

d) General analysis

Considering the simulation’s results on each island independently, it enables us to identify
which scenarii could be compatible with each group of tsunami deposits separately. Among
all the models, only the subduction thrust faults and the outer-rise faults are able to generate
tsunamis waves high enough to reach the deposit location whether in Anegada, Saint-
Thomas or Anguilla. The ridge models (R1, R2), wedge models (W1, W2) and interplate

model IT1 generate significant wave heights in Saint-Thomas and Anegada islands but they



just reach the topographic threshold and barely flood the coast and the ponds. Sources of this
kind could be considered as a good candidate for some of the identified deposits only if they

were increased in size or slip intensity.

Among the 9 models (T1, T2, T3, T4, OR1, OR2, OR3, OR4, OR5) compatible with part of the
deposits in the three considered islands, only the thrust model T2 tsunami generated wave
heights above the coastline threshold at all locations (highest correlation coefficient in
histogram a of Figure 10). The inundation limits of the best model T2 (Figure 11) are very
coherent with the deposit’s distribution, especially in Anegade. All the other models only fit
one or two of the islands, T1 for example waves barely affec* Arguilla Long Pond, the outer-

rise OR1, OR2 and OR3 barely flood Anguilla Long Pon i a4 Scrub lagoon.

The mega-thrust models are not discussed there . ~cuuse they generate a tsunami very
similar to T2 and T3 models but with surprisin v s'ightly smaller waves. The slip intensities
for the mega-thrust models are 20 m (*.\'. a~d MT2) and 30 m (MT1lb and MT2b), it is
equivalent or greater than 20 m slip used 1.+ the thrust models (T1, T2, T3, T4). In addition,
the rupture occurs on a wider e.¢> of 300*100 km for mega-thrust so the resulting
magnitudes (Mw8.8 and Mw8.9 arc greater than the thrust models (Mw8.7). However, the
results of the simulations inc'ica= equivalent or smaller wave heights in the near field. This
could be explained by a r..>nu.nenon of wave energy concentration toward smaller areas; the
energy from a smaller ~ource will be directed toward a more constrained area while the
energy from larger sources spread on a wider area will result in equivalent waves at near-field
coasts. If the differences between those sources is not evident in near-field, it clearly appears
in far-field. Indeed, the mega-thrust simulations show greater tsunami amplitudes towards the
Bahamas, Florida and Canadian coasts in comparison to the amplitudes generated by the

thrust models.

f) Far-field simulations



A set of far-field tsunami simulations were performed on a 500 m-resolution grid of 600*1000
km that encompasses all the Caribbean Sea and its coasts, the Northern coast of Venezuela,
the Greater Antilles, the coasts of Florida and the Bermudes (Figure 14). Another set were
performed on a 2 km resolution grid covering an even greater area up to the European coasts
(Figure 15). Time series of the modelled tsunami were recorded in Puerto-Rico, Jamaica,
Bonaire, Aruba and Curacao (Figure 14), the locations where deposits of the same age have
also been identified (Figure 3). Time series of additional locations (Barbados, Bermuda,
Florida) are also presented (Figure 14). Only the best fitting sc enarii from the near-field study
were far-field simulated, it corresponds to the fault models 72, \ 1T1, MT1b, MT2 and MT2b,

and here we present the results for the model MT1.

The resolution of our grid only allows an estimatup of the wave amplitude offshore and the
gages are located 5 km to 10 km offshore the ~oast. The amplification of the tsunami waves
generally occurs in the last hundred mew.rs before the coastline, where the water depth
rapidly decreases and consequent”, the wave amplitude rapidly increases. The factor of
amplification varies depending o1 v e sites, but it can be of 2 to 5 between a low resolution
grid and a fine grid. The Greern ¢ law (Green, 1837) can be used to calculate an estimation of
the height at the coast (H~1a.*, from the height recorded offshore (Hsea), the depth offshore

(Dsea) and the deptii a. the coast (Dcoast) which is considered at an average value of 2 m:

B
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Heoast = Hsea( = )
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The factor of amplification (Dsea/Dcoast)l/4 has been calculated at each gage location and
applied to the associated signals in Figure 11 (original signal in black and estimated amplified
signal in red). In Puerto-Rico the factor equals 1.37 giving an amplified height of 1.37 m. In
Culebra the factor equals 1.01 giving an amplified height of 3.5 m. In Jamaica the factor

equals to 1.41 giving an amplified height of 0.35 m. In Aruba the factor equals 2.03 giving an




amplified height of 1.62 m. In Curagao the factor equals 2.53 giving an amplified height of
3.80 m. In Bonaire the factor equals 2.10 giving an amplified height of 2.3 m. In Florida the
factor equals 1.68 giving an amplified height of 0.84 m. In Bermuda the factor equals 4.07
giving an amplified height of 8.54 m. The values of depth are extracted from the 500 m
resolution grid and might be different from reality leading to an inexact amplification factor.
So, these estimations of height give an idea of the potential gap between the values offshore

and along the coast, but they should be considered carefully.

The maximal waves generated in the area of Puerto-Rico and C.'lebra Islands range between
1 and 4 meters and probably even more in finer grids. They 2.e high enough to pass the
sandy barriers of 2-3 m high separating a pond in Culet.ra '<'and (Donnelly et al., 2005) from
the sea, a pond where sediments deposited soon afer v e period 1100-1300 cal yr CE were
identified. The maximal wave heights generated ='7ng the coast of Jamaica are around 0.5 m
that might be amplified to 1 or 2 m in finer gi:1s. 1nose values are just high-enough to reach
the deposits identified in a lagoon that are <eparated from the sea by barriers of 1 to 4 m-high
(Palmer et al., 2020). In Aruba, Bonaire >nd Curacao the highest waves reach between 1 and
5 meters, and might also be am~'ific * in finer grids, these values are again just enough to
reach most of the tsunami de:osi. identified on those islands located between 0 and 5 m
above sea level (Engel et a.. 21)16). All these far-field waves seem to be just high enough to
generate flooding at .~ 'erosits locations so we cannot affirm that they could generate the
transport the observed sediments, but we cannot deny it either. Indeed, those values are
rough estimations so higher resolution simulation should be done in order to draw
conclusions concerning the potential link between those far-field deposits and the Antilles

deposits.

The far-field simulations are also useful to identify areas where local wave amplification can
occur. The maximum elevation maps show that wave amplification occurs for Bermudes
Islands, the northern part of the Bahamas and Florida Coast. For sources located on the

northern segment of the Lesser Antilles Arc, the energy is focused partly toward the




Bermudes where the waves reach maximal amplitudes of 8 m after amplification on the
Southern coast. However, until now the analysis of sediments along the coasts of Bermuda
Island do not show tsunami deposits (Ellison et al., 1993; McMurty et al., 2007; Hengstum et
al., 2014; Wallace et al., 2017; Kemp et al., 2019). Only a study of coral growth (Drascba et
al., 2000) indicates some unexplained stops in the growth curve at an age around 1400-1450

cal yrs CE.

Some tsunami waves also present important amplitudes toward the coasts of Florida and
Bahamas Islands with heights reaching 1 to 2 meters (in the n oximal water height map) and
surely more in finer grids. In the USA, two major overwash «~0o sits dating of 1319-1351 cal
yrs CE and 1428-1492 cal yrs CE have been identified in ~=eral places along the coasts of
New Jersey, Rhode Island and in Connecticut (Donnelly et al., 2001b; Donnelly and Webb,
2004; Nikitina et al., 2015). Bahamas islands = also intensively studied for the hurricane
activity, and extreme event deposits datin; from ~ 1500 cal yr CE were identified in
Eleuthera, Long Islands, Long Islands ~'"e Hole and Blackwood Sinkhole (Kettelat et al.,
2004; Wallace and Donnelly, 2021; Win.ler et al., 2020; VanHengstum et al., 2016). They are
constituted of heavy boulders, thi~k ~.rface sand layers and overwash layers in sediment
cores. The hypothesis that sor'e oi these deposits could be related to an Antilles earthquake

generated tsunami is not in,~0ssible.

VI - Discussion

a) Simulation uncertainties

Tsunami simulations lay on two main inputs, which are the source and the bathymetry. The
simplification of the seismic source by a homogeneous Okada model remains generally as a
good approximation of major events with unknown mechanisms, even more so when there is
no recording but only rough estimates of wave impacts and heights. The bathymetry and

topography are also sources of uncertainty, because they possibly evolved during the past,



here the last 500 years.

First, if an earthquake occurs close enough to the islands, they can be affected by the
coseismic deformation associated with the rupture. From the studies of corals and the coastal
morphology of these northern Lesser Antilles islands, no evidence of brutal subsidence or
uplift has been identified yet. This absence can be used for constraining the rupture area of a
potential past earthquake. The areas of coseismic deformation associated with our mega-
thrust and outer-rise models do not reach the islands which is consistent with this absence of

deformation.

Only a long-term tectonic subsidence of the Lesser Aruncs of 0.5 to 2 mm/yr has been
recently identified and calculated from micro-atoll data (."/eill-Accardo et al., 2016), from reef
terraces (Leclerc et al., 2014, 2015) and from mode.~ geodetic data (van Rijsingen et al.,
2021). This subsidence and the impact of pas fxt eme waves might have transformed the
coastline over the years. For example, t'.e sanly barriers on Anegada northern coast or in
Scrub and Anguilla might have been lowe: than now or might have not existed in Pre-
Colombian times. Without them, the wi. ‘es generated by the outer-rise models would become
more threatening and these scer aric> more consistent. On the contrary, if these topographic

heights were even higher tha.: nc v, some of our models would become less convincing.

The lack of knowledge on the Pre-Columbian islands environment generates additional
uncertainties when seleriing a Manning coefficient value for the simulation. It is a fixed
parameter that expresses the friction of the water on the floor and can be chosen depending
on the nature of the ground. In the literature, this coefficient values range between 0.01 for
water area to 0.2 for high density urban area (Kaiser et al., 2011; Bricker et al., 2015). The
exact values for each type of land vary depending on the used code and models. For
TAITOKO and for the Antilles islands that show small coastal reliefs and a heathland

vegetation, we chose a Manning coefficient value of 0.02. But depending on the vegetation



and coastal morphology in Pre-Columbian times, this coefficient could be re-evaluated which

would impact the simulation results.

The last source of uncertainties presented here, is the long-term conservation of the
sediments deposits. Indeed, Spiske et al. (2018; 2020) show how important the erosion of
sediments caused by weather and bioturbation is. Boulders can be moved and re-shaped by
the waves and wind, bioturbation can destroyed the sedimentary structures of the deposits
and even lead to their total erosion. This is the reason why the absence of deposits is never
considered as evidence of a past inexistent or low wave impect For this same reason, the
thickness of these deposits cannot be used as an argume.*t c. wave intensity even more

knowing the complexity of the deposition processes as dzte.'~d in the next paragraph.

b) Tsunami intensity and sediment transport

Some major studies of the tsunami sand der os.:= associated with the most recent tsunamis
like in 2015 and 2010 in Chili (Morton e al. 2011, Bahlburg et al., 2013), in 2011 in Tohoku
(Namegaya and Satake, 2014) or in 234 in Sumatra (Paris et al., 2009, 2010; Lavigne et al.,
2009) report values for sediment cisiribution and thickness where real observations or
records of coastal water heights, /'w depths and flow velocities have been done. Most of the
studies highlight the wide rany> of sediment thickness identified over the inundation areas
and the complexity of s dim 2nt transport processes that depend on the topography, nature
and availability of the sed ments, wave dynamics and many other factors.

One aspect noticed by sedimentologists is the gap between the water run-up boundary and
the sediment run-up boundary after a given tsunami. In Sendai Bay, the 2011 Tohoku
sediment run-up distance corresponds in average to 60-70% of the total tsunami run-up
distance (Abe et al., 2012; 2020; Chague-Goff et al., 2012; Sawai et al., 2012; Fujiwara et al.,
2020), in some places affected by the 2010 Chile tsunami the sediment run-up distances are
approximately 70- 80% of the tsunami run-up distances (Morton et al., 2011). But in other

deposits sites, the sediment run-up distance reaches up to 90%-100% of the tsunami run-up



distance like in the Kuril Islands after the 2006/2007 tsunamis (Maclnnes et al., 2016), in the
Galapagos Island after the 2011 Tohoku tsunami (Arkos et al., 2013), in New Zealand after
the 2016 Kaikoura earthquake (William et al., 2018) or in Banda Aceh after the 2004 Sumatra
tsunami (Lavigne et al., 2009; Paris et al., 2009, 2010). The analysis of the configuration of
these different places shows that the gap between deposit boundary and inundation limit
might increase with the flatness of the land. This gap is the greatest in Sendai Bay which
consists of a 3 to 4 km-long smooth and flat slope (slope of 0.05%) where deposition limit
stops at 3 km when water reaches distances of 4 km inland (N 1megaya et al., 2014). In Chile,
La Trinchera site shows a 150 to 200 m gap, it corresponds to « deposition distance 80% of
the inundation distance on a very smooth and flat ‘ana (slope of 0.7%) without any
topographic features. By contrast, the presence of stZ2n «>pographic features might stop the
flood before the end of the deposition processes ard L 2vent the apparition of this gap. For
example, in Banda Aceh, both the limits of ¢ ncsition and inundation correspond to the
presence of reliefs and that is the case Jf many of other sites like in the Galapagos, in New

Zealand or in Hawaii where the coasw.! topography is steep.

In the studied sites of the Lesser An.!:s islands, the coasts do not present smooth and flat
slopes but either relatively cteep and high reliefs. The northern coast of Anegada is
characterized by 2 to 5 m-1.’ah sediment barriers along the coastline and flat lowlands in the
backshore where mec_t 0. th: deposits are located (Figure 5). In Saint Thomas, the deposits
have been found on lag.ons and ponds surrounded by reliefs with steep slopes (20% in Salt
Cay, 10% in Magens Bay, 10% in Smith Pond, 20-30% in Cabrita Pond and Saba Pond) that
rapidly exceed heights of 10 m and that likely stops a tsunami wave (Figure 6). In Anguilla,
the coastline corresponds to a succession of steep slopes (5% in the south and 30-40% in the
north) (Figure 4). Long Pond and Scrub Lagoon are isolated from the sea by a 3 to 4 m-high
sediment barrier and are surrounded by rocky reliefs onshore. Thus, on the high plateau of
Anegada or Anguilla and Scrub Islands the water inundation limit might have reached greater

distance than the reported deposition locations. However, in the coastal lagoons of Anguilla,



Scrub and Saint Thomas the inundation distances probably correspond to the deposition
distances. Given the geomorphological characteristics of the study sites, it is likely that
sediment records are indicators of minimal values of inundation limits. A more detailed
evaluation of the wave heights, shapes and intensities necessary for sediment transport is a

complex topic that is not well defined yet (Cox et al., 2019).

c) Rupture of the subduction contact and the coupling debate

The hypothesis of a rupture along the subduction interface is inirng the list of the two mega-
thrust rupture hypotheses associated to the 1843 and "3y <vents. However, except for
these two debated events, no rupture of the Lesser Ar.:lles subduction zone for the last 500
yrs has been demonstrated. In the case where t1.> earthquakes of 1843, 1839 and the
potential Pre-Columbian event were actually inerplate ruptures, since then the faults should
have relocked because this process is cc:.ciav ed stable over thousands of years by recent
models of seismogenic behavior in suba.~tion zone (Avouac 2015; Mouslopoulou et al.,
2016; Jolivet et al.,, 2020). Our schacction fault models are distributed on two plates
separated by the Anegada Pas:iay ™ the Puerto-Rico micro-plate and the Caribbean plate

that are modeled separately in y~odetic analysis.

The Puerto-Rico trench pre:ents a very small slip deficit that indicates that the interface is
likely uncoupled. A deep interseismic coupling is suspected in Hispaniola, north of Puerto-
Rico, with transition from coupled to uncoupled plate interface for Hispaniola to Puerto-Rico

that coincides with the existent fault systems in this area (Symithe et al., 2015).

For the Lesser Antilles, geodetic (GNSS) and microatoll datasets both indicate a general
subsidence of the arc which can be interpreted in favor or disfavor of a locked interface
depending on the used interseismic coupling model. The geodetic studies indicate an actual
very low, almost nonexistent coupling of the subduction contact (Manaker et al., 2008;

Symithe et al., 2015; van Rijsingen et al., 2020). They measure over the past 20 years a



general subsidence of the Lesser Antilles of 1-2 mm/yr that they interpret as a consequence
of long-term geodynamic processes associated to the aseismic character of the subduction
(van Rijsingen et al., 2021). The deformation map produced by their interseismic coupling
model, which corresponds to a shallow coupling, indicates an uplift of the islands inconsistent
with the measured subsidence. In contrary to these results, the interseismic coupling model
used in the microatoll study (Philibosian et al., 2022), which correspond to a deep coupling,
results in the subsidence of the arc consistent with the 8 mm/yr measured from the corals.
The contradictory results from these two studies comes fror the shallowness of the used
coupling model. But it could also come from the difference of period covered by the
datasets,100 years for the microatolls and 20 years for the GNSS, which might indicate a
variation of the coupling over the past century (Philibr_an 2t al., 2022). It is also possible that
GPS measurements are missing a part of the slip and even if this interface was partially
coupled, Symithe et al. (2015) estimates from tt.-- 0-:odetic data that it would lead to an event
of magnitude Mw>8 to occur only everv 20( 0 or 3000 years. In this case the occurrence of
three mega-thrust earthquakes (in P, >-Columbian times, in 1843 and in 1839) would require
again a change of the coupling staf2 _ver the past centuries. Finally, the coupling of the
Lesser Antilles is still debated hu. the hypothesis of a mega-thrust Pre-Columbian earthquake

is realistic and compatible with ~ame of the models.

A similar problem ke~ L~ea issued in the study of the 1957 Andreanof Islands Mw8.6
earthquake that genera.ed a large tsunami in the Aleutian Islands. The results of tsunami
simulations (Witter et al., 2016, 2019) compared to the deposits observed on the islands

imply a megathrust slip in an area where geodetic coupling models indicate the opposite.

d) The storm hypothesis

Past storms can be considered as a strong alternative hypothesis to the earthquake one.
Indeed, the Lesser Antilles is a region impacted by tropical storms and hurricanes which

regularly strike and damage those islands (Andrews, 2017; Krien et al., 2017; Biguenet et al.,



2021). The hurricane activity in the region during the last millennium is divided in two periods
of interest (Biguenet et al., 2021). A period with a high frequency of hurricanes in 1080-1230
cal yrs CE probably linked to the Medieval Warm Period (800-1300 cal yrs CE) and a period
without hurricanes in 1400-1600 cal yrs CE probably linked to the beginning of the Little Ice
Age (1450-1900 cal yrs CE). The Pre-Colombian deposits are dated between 1200 cal yrs
CE and 1600 cal yrs CE in a period of low frequency hurricanes and no exeptionaly strong
hurricane from that period was identified in other sediment records of the region, which does

not mean that it did not occur.

Storm and tsunami deposits are still difficult to discriminate aoinst. Sedimentologists who
analyzed the sediments and cores in Anguilla, Scrub in. €aint-Thomas favor the tsunami
hypothesis but they do not exclude the storms hy*oth. sis. In Anegada, one point for this
discrimination could be the presence of the enz-mous coral boulders in the heights of the
island, whose sizes make the scenario of a :torm less convincing than a tsunami. Even the
strongest hurricanes of the past centurie.: *ne Great Hurricane in 1780 (category 5), Dona in
1960 (category 4) or Irma in 2017 (cateory 5) did not transported such large sand deposits
or boulders on the coasts of th~ is'=ids (Spiske et al., 2021). However, one or several
exceptionally damaging hurricones still might have strike the Lesser Antilles during these Pre-

Columbian times.

The only known storm 1.2ving transported an amount of sediments similar to the Antilles Pre-
Columbian one is the 2013 super typhoon Haiyan. It generated waves of 8 m and transported
hundreds to thousand massive boulders (up to 30 tons) in Calicoan Island in the Philippines
(Kennedy et al., 2016). Another Super-Typhoon, Soudelor in 2015, generated waves of 12 m
in Taiwan transported massive amount of sand and a boulder of 1.4 m diameter onland
(Huang et al., 2020). Many other super-typhoons of the same intensity have occurred on this
region in the past : Tip in 1979, Bess in 1982, Megi in 2010. The absence of field survey on
the coastal impacts of these past events do not allow to conclude on the capacity of their

associated waves to transport sediments. However, instrumental records indicate that the



storm wave heights of past typhoons often range between 9 to 11 m in Taiwan (Huang et al.,
2020). So only for the 50 past years there are several examples of massive boulders and
sediment transported by storms in the West Pacific region while there is ho such observation
in the north of the Lesser Antilles for the past 500 years. Unless such events did not leave
any traces anywhere or that their traces were completely eroded, it indicates that an event
capable of transporting Anegada’s boulder and the other island sediment deposits must be

very rare, exceptional.

e) The landslide hypothesis

Landslide-generated tsunamis are known to be as da~rae.ous as earthquake-generated
tsunamis, and can be triggered by volcanoes, eartk quec'<es or storms: phenomena that can
occur in the Lesser Antilles arc. During the CASFIS cruise in 2016 (DOI:10.17600/16001800),
paleo-seismological investigations were caniea ouut in the forearc basin of the northern
segment of the arc between Anegada onr. Barbuda at depth between 5200 and 5800 m.
From 7 cores, 3 megadeposits (homu enite-turbidite complexes HmTu) older than 8ka BP
were identified as being possibly nel erated by major tsunamis but nothing around 1500 cal
yrs CE (Morena et al., 2019). Seis:.ic profiles and bathymetry did not reveal any fan or traces
that could be associated with a najor landslide in the area. Similar studies were carried out in
the east part of the \“rgi.~ Is'ands and Whiting basins where no evidence of recent sediment
transport was detected, ‘ne youngest turbidite dating from ~2000 years ago (Chaytor et al.,
2015). Moreover, landslide generated tsunamis generally show locally important amplitudes
that rapidly decrease with distance from the source. In this case, where deposits of the same
age are spread over an area of 100 km2, a landslide could be associated with one of the
three island deposits but could not explain them all. The absence of turbidite dating from the
Pre-Columbian period could be in disfavor of the single tsunamigenic earthquake hypothesis
but the processes associated to the generation of turbidites are complex. Turbidity currents

can be triggered only if the conditions (the bathymetry, the sediment load, the flow



dynamics...) are reunited and can result in discontinuous deposits (Ge et al. 2022), which
justify this absence of such deposits dating from Pre-Colombian period even if a large

tsunamigenic earthquake occurred at that time.

f) Multiple intermediate events or one extreme event?

With the premise that all the Pre-Colombian deposits correspond to one same event, the
general analysis of the tsunami amplitudes shows that only a subduction thrust rupture model
gives good fitting results for all deposit location at once. An outer-rise rupture could become
an equally convincing scenario with perhaps a different para=ateization. The hypothesis of
one unique event is then plausible and can explain thz resence of these synchronous
deposits. However, considering the uncertainties in the ~ges of these deposits, all or part of
them being unrelated is a possibility which would imp"’ (hat they were generated by several

concomitant events.

The independent analysis of the tsuna ni #mplitudes generated at each of the three sites
show that several Outer-Rise fault ru.*ures are possible candidates to explain the Anegada’s
deposits and Saint-Thomas’s ones. Ar Intraplate fault rupture also appears as a potential
candidate for Anegada Island enu also for Anguilla and Saint-Thomas with a different location
and orientation. Even if these s~enarios are smaller the single mega-thrust one, they still are
Mw 7.5-8 exceptionally rea: unprecedented events in the area. So this hypothesis implies
that at least two or three >f these major earthquakes and tsunamis at the origin of Anegada,
Anguilla and Saint-Thomas’s deposits, were generated at the same period of time in this

region.

The range of 300 to 500 years given by the deposit's chronologies (1200-1500 cal yrs CE
with uncertainties) is large enough to consider the occurrence of several major earthquakes
or storms. Based on the historical catalog only one tsunami of this magnitude occurred in all
the Lesser Antilles during the last 300 years: the 1867 tsunami of the Virgin Islands. The

probability of 2 or 3 Magnitude 7.5-8 tsunamigenic earthquakes occurring in this small area in



the same period of time seems quite low. At the same time, the probability of a single
Magnitude 8-9 class mega-thrust or outer-rise earthquake is quite low as well. And if we
consider the storm, the reflection is the same, there is no evidence of such amount of
sediment transported by past storms in this area. So, the probability of several exceptionally

strong hurricanes occurring during this 300 to 500 years period seems quite low as well.

Since these occurrence probabilities are not quantified in this paper, it is difficult to draw a
definitive conclusion but the scenario of one single event, be it an earthquake or a storm,

remains more convincing following the logic of Ockham's razor.

g) A major earthquake or a major storm: far-field impoc.

With this study, we considered that we have not omi.cq cny earthquake generated tsunami
scenario. All the results from the tsunami simula’ion. converge toward the mega-thrust
models that generate flooding areas very coh2rcat with the sediment deposits, especially for
the T2 model facing Anegada Island. Th's T/ Mw8.7 mega-thrust model present a maximized
slip value of 20 m but it would be inte, ~sting to test the same model with smaller slip values of
15 m (Mw 8.6) or 10 m (Mw 8.5) ¢ iventify the slip and magnitude values thresholds for
compatible scenario. The res’i also highlight the outer-rise models consistency which
should be studied further in oru>r to deduce their capacity to generate the observed deposits.
The small number of siinilar historical events makes the choice of fault parameters difficult
and uncertain, in our mcdel the values of size and slip are constrained by these of the
greatest pre-existing events but we should consider modeling even greater outer-rise ruptures
since the fault traces are particularly well defined in this area. The analysis of seismic profiles
of the trench could provide more information about the dimensions of these faults. In the
Lesser Antilles, the occurrence of such Mw>8.0 outer-rise earthquake would be as

exceptional as the occurrence of a Mw>8.5 mega-thrust earthquake.

The occurrence of a great hurricane is the other possibility mostly supported by the great

sediment transport associated to the Super Typhoon Haiyan. The boulders and deposits



identified in the ABC islands south of the Lesser Antilles (Aruba, Bonaire and Curagao) which
are attributed to waves generated by one or several past storms (Scheffers et al., 2002;
Radtke et al., 2003; Morton et al., 2006; Engel et al., 2016), are also evidences that extreme
storms can occur in the region. However, a hurricane passing on the south of the Lesser
Antilles might have a different impact than a hurricane passing on the north of the arc with,
and the differences of island morphology also influence the storm surges. It should be shown
that such an event could produce floods on Anegada, Scrub, Anguilla and Saint-Thomas as
coherent with the observations as obtained with the eart' ouake-generated tsunami. In
addition, some of the sediment deposits are clearly ident’iy s resulting from a tsunami

(Biguenet et al., 2021) and disfavor the storm hypothesis.

One way to answer the question of the deposits orinins and to discriminate the earthquake
and storm hypotheses, could rely on the stud* i the shape and wideness of the region
impacted. Storm surges can be produced loc.'ly wnerever the hurricane passes resulting in a
large area of impact but limited to the ~tape of the hurricane pathway. While a tsunami
generated by an earthquake can propayte at very far-field and impact trans-oceanic regions,

as it has been observed for the 1755 L i<pon tsunami or the 2004 Sumatra tsunami.

Indeed, as shown in Figure 15, o major earthquake occurring on the north of the Antilles arc
generates trans-oceanic .>Vveos that propagate through the Atlantic towards North America
and Europe. Those wav.os are modeled with a 500 m grid resolution and might be two to five
times higher in grids of finer resolution. The wave amplitudes along the northern coasts of the
USA do not exceed 1 m while they exceed 2 m along the Canadian coasts (New Scotland).
These localized amplifications are strongly related to the orientation of the source and can
vary depending on the modeled scenario. The most impacted place seems to be the Bermuda
Islands, where 5 to 10 m wave heights are simulated on their southern coasts but where no
traces of tsunami were identified yet. In Canada as well, no overwash deposit dating from
approximately 1500 cal yr CE has been reported yet. The presence of such deposits in

Bermuda Islands and in Canada would be a strong argument in favor of the tsunami



hypothesis. The modeled tsunami waves also reach Europe but with smaller amplitudes that
do not exceed 1 m. Some amplification phenomena are occurring offshore Ireland and
England with 1 to 2 m waves. A more detailed study on the far-field impacts should be done
with finer grids and with the use of Boussinesqg Equation more adapted to such deep water

environments like the Atlantic Ocean.

The current absence of deposits along the Atlantic coasts that could be associated to a trans-
atlantic tsunami originated in the Lesser Antilles is the only argument in disfavor of the
hypothesis of a major Pre-Columbian earthquake. However, tr..< absence can be explained
by the age of the event with deposits that might be buried to. de2ply to be recovered, by the
disappearance or erosion of the deposits if they were 1.~ small, and by the lack of field

surveys in the areas of interest.

Conclusion

Tsunami simulations were perforr~ad ~'i high-resolution grids of the Northern segment of the
Lesser Antilles arc and comrared to the ~500yrs old tsunami deposits reported in the
literature. Among the 35 fa.'lt riodels tested, only some magnitude Mw>8 mega-thrust and
outer-rise earthquaks mc el generate a tsunami high-enough to explain the presence of the
deposits identified on ti.¢ islands of Anguilla (Scrub), Anegada and Saint-Thomas. Several
other models generate significant tsunami waves along the coast but are not high-enough to
reach deposit locations with a realistic sediment transport potential. The results show that the
event must have reached extreme magnitudes regardless of the involved fault system. They
also show that localized distinct tsunamis on each of these islands must still be generated by
Mw>7 earthquakes which enlarge the list of potential sources but does not solve their

identification.

Due to the very complex tectonic nature of this subduction zone, high-magnitude intraplate



earthquakes at 30 to 50 km could be a hypothesis but they imply important rupture depths
leading to significant attenuation for tsunami generation, which is not compatible with the
observed deposits heights. Outer-rise fault models generate large wave heights that could
match all the deposits location in all islands only with increased fault dimensions or slip
intensity. From the tsunami modeling perspective, one or several tsunamigenic earthquakes
of Mw 7.5-8 could have produced these deposits but at least one of them must have been an

outer-rise earthquake of Mw 8.0 or a mega-thrust earthquake of Mw 8.5-9.

The occurrence of a mega-thrust earthquake on this subducti...~ interface is debated due its
uncertain coupling. However, important turbidite deposits ~n Jleep forearc basins of the
Lesser Antilles, with recurrence time of several thousard ,~=,s have been identified (Seibert
et al., 2019). They could indicate that this subduction inte "face is characterized by a very long
seismic cycle which would mean that no meg~-thrust earthquake is expected before a

thousand years in this region of the arc.

Finally, the occurrence of one or several sti.1g hurricanes cannot be excluded but there is no
strong evidence in favor of this iy oniesis. Adding sediment transport models to the
simulation of the tsunami would pri.2 new constraints on the tsunami waves (size, velocity,
number...) and on the sc'rcc Boulders on Anegada could be particularly useful in
determining a threshold ‘. a .ninimal wave height and a minimal magnitude for this event.
And, the identification L* tsunami deposits at far-field locations especially in Bermuda and
along the Canadian coasts would drastically strengthen the credibility on the occurrence of
one or several Pre-Columbian earthquakes and would give a better idea on the impact extent
of the tsunami. So new field surveys and field data from all around the Caribbean Sea and the

Atlantic are still needed for validating all these models.
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Figure 2 : Map of tsunami deposits dating from a time 'any ™ around 1450 CE. Red circles

indicate the position of the boulders, sand deposits ana <vent in cores. ABC islands

correspond to Aruba, Bonaire and Curagao, most ~” th2 deposits are identified on Bonaire

island.
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Figure 3 : Graphic of the age and locations of tsunami and/or hurricane deposits identified in the

Caribbean Sea area. The deposits are listed with details in Table 1.
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Figure 6 : Maps of Saint-Thomas Island with topographic profiles at deposits locations
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Figure 7 : Map of the subduction fault modr:. 1. = rectangle represents the surface projection of the
faults, the 200 km long in red (‘T’ for thrust), the 350 km long in blue (‘MT’ for mega-thrust) and the deep
interplate in black (‘IT’) (see parameters in Ta.'e 2). The black dotted ribbon between Barracuda Ridge and
Main Ridge is the extension of these ridye s 1 nder the Caribbean plate, on the top of the subducting slab.
The second black dotted ribbon cor-es,~ands to the Anegada Passage, the limit between Puerto-Rico micro

plate and the Caribbean plate.
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Figure 8 : Map of the crustal fault, wedge fault and i~..aslab fault models. The plain lines represent the
surface rupture and the dotted rectangle the surface pru,cction of the fault. The 'F' faults are the intra-arc
fault models, the 'Ridge' and 'OuterRise’ are ‘he .rustal trench models, the Wedge’ are the wedge fault

models and ‘IS’ are the deep intraslab fauli models (see parameters in Table 2).
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simulated water heights and the tsunami deposits locations. a) Correlation coefficients computed for the
wave heights at the coastline before run-up. b) Correlation coefficients computed for the wave heights at the
coastline before run-up on Anegada (dark blue), on Anguilla and Scrub (middle blue) and Saint Thomas

(light blue). Fault models parameters are listed in Table 2 : Parameters of the fault models (Okada models).

P |
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Figure 11 : Model T2 flow depth maps at the deposition sites of Anegada, Anguilla, Scrub and Saint-
Thomas. The flow depth values on-land correspond to the maximal water thickness above the ground and
the values offshore correspond to maximal water height above sea level (0). The green and brown areas

correspond to the topography of the unflooded part of the islands.
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Figure 12 : Model OR3 flow depth maps at the deposition sites of Anegada, Anguilla, Scrub and
Saint-Thomas. The flow depth vai.as un-land correspond to the maximal water thickness above the ground
and the values offshore coieonond to maximal water height above sea level (0). The green and brown

areas correspond to the to, ngiaphy of the unflooded part of the islands.
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Figure 13 : Top maps: bathymetric and topographic maps of Anegada and Scrub with the sections used for
the profiles indicated in black. Graphics: maximum water height (left) and velocity (right) profiles obtained for

models OR1, OR3, OR4, OR5, T1 and T2. The values are extracted from the four sections XX’, YY’, ZZ’ and



WW’, the black curve corresponds to the topographic profile, the dashed line indicates the zero sea level

and the arrows indicate the position of the 1200-1500 cal yrs CE tsunami deposits..
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Figure 14 : Maximal water height map and synthetic waveforms from the far-field simulation of model
MT1. The simulation was performed on a 500 m resolution grid from GEBCO (2020) data base. The left map
corresponds to maximal water height modeled on the Caribbean Sea and surroundings with a water height
scale saturated at 2 m. The right map is the zoom on the Antilles Arc with a water height scale saturated at
10 m. The graphics correspond to the waveforms computed at the coasts of Florida, Jamaica, Bonaire
Island, Barbados and Bermuda. The red points are the tsunami deposits dating from a period around

1450AD.
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Figure 15 : Maximal water height map of the Atlanti~ _o¢ sts from the simulation of model MT1. White

areas correspond to continental areas.



Table 1: List and characteristics of the overwash deposits. The deposits are listed from the North to

the South of the Lesser Antilles. The position coordinates (Lat, Lon) are in degrees. The age ranges are

plotted in Figure 3 and those indicated in bold are the Pre-Columbian one used in this study. TD means

Tsunami Deposit. The tsunami evidences are citations from the associated referenced articles. The heights

are extracted from the bathymetric grids as indicated in Figures 4, 5 and 6.

Tsunami or storm

64.855463

Places Position Traces Dates (CE) (criteria) Height References
Tsunami : « It compris-
es marine bioclasts and
Ostracods...that are
16911730 or rpixed w!th Iagoonal_
13 cores from a la- 1810-1934 mlcrofossHs._..'» « sedi- Beach
_ 17.850190. - goon with four over- mentary ev’ Jence_of ridge of
Jamaica 76 98666é wash layers: one rafted marine ¢ anic fra 110.4m Palmer et al. 2020
' storm, one tsunami and ments... and ~~soc.. *ed hiah
two uncertain deposits peaks in i on co. nts » 9
Between 1290 Likely sto» ™ br.¢ not
and 1400 exc! udiny, tsunami
Older than 768— Likei - stor’ 1 but not
900 _~cluaing tsunami
<tor, ~ or tsunami :
« 11 “ck layer of sandy
’ _ell 20cm) with abrupt
coi. ~cts » « Given the
18.320312, - 3 cores from a pond : | previous work on differ-
_ 65236235 sevc_aral ov_erwash | ences bet\_/veen tsunami
Culebrita 18.320411. - Iayer_s including !(nown Younge " *han and_storm-lnduced depos-
(Puerto- 65 23648é hurricane deposits but 0 its, no sedimentary Donelly et al. 2005

Rico) 18 3'20233 ) other deposits_associ- - structur_es in the Big

65 236506 ated to more intense Cl_JIebrlt{i Salt Pond )
’ events archive point to tsunami
deposition. Nevertheless
| tsunami-induced deposi-
tion cannot be ruled
’ A out. »
| TD1-~1484-
1645 (leaf)

Saint- 18.361589, - 2 cores witt hree 7201224212;122 Beach
Thomas 65.050579 overwash I ‘ers. e (younger than ridges of
salt Cay 18.361413, - | stormand twc() L ‘nami wood dated at 2 tc_) 3m

65.050748 deposi. (TT) 760-882 and high
older than leaf at
o QA 1484-1645)
1042-1221 >TD1
> ? (younger

Saint- - than wood dated Tsunami: “The layers Beach
Thomas 18.306540, - 1 core with tw.o over- at 1221-1042) showed mixed composi- ridges of

wash layers: two . -

Saba 65.000208 tsunami deposits (TD) ?>TD2 > 1042- tion (marine and lacus- 1to3m

Pond 1221 (older than trine), erosional contacts, high

a wood dated at | fining upward sequences, Fuentes et al. 2017
1221-1042) and the presence of a
18.361072, - TD1 ~ 1441- mud cap at some sites

Saint- 64.920255 . 1630 (leaf and were interpreted as Beach
Thomas | 18.361340, - 8 cores with tYVO feah tsunami deposits” ridges of

overwash layers: two

Magen 64.921047 tsunami deposits (TD) TD2 ~ 1329- 1to2m

Bay 18.361306, - 1445 (wood) high
64.921618
18.336935, -
64.855233 TD1 : no dates

Saint- 18.336800, - - Beach
Thomas | 64856372 | 40T ‘Ifa";zrts""glv . ridges of

S}:)r(r)lrl]tg 1g438356§2270 tsunami deposits (TD) TD2: no dates ! rt1(i)gzhm

18.337019, -




983-1151 >
TD1 > 1445-1631
(younder than
twig dated at
983-1151 and

older than a
Saint- 18.326256, - 2 cores with nine wood dated at Beach
Thomas 64.836742 overwash layers: seven 1445-1651) ridges of
Cabrita | 18.326383,- | stormand two tsunami 737-401 BC > 1to2m
Pond 64.836656 deposits (TD) TD2 > 983-1151 high
CE (younger than
wood dated at
737-401 BC and
older than twig
dated at 983-1151
CE)
Tsunami or storm :
« The sand and shell
sheet might represent
tsunami overv-ash, hurri-
cane overwas.  waves
generated insige "he
Sand sheet and marine pc.id, a. 1 the
Sand sheet and shells shells dated from | opening of . Yal ch unnels.
1650-1800 Reinb . u. ~tai. (2012)
founc *hat ar iong these
pessibi. s, tsunami
ove: “ash best explains
this heed’s lateral extent
'nd fo m. » Interpreted as
| the 755 Lisbon tsunami
Sand sheet anr i Tsunami or storm :
shells with ;6 « A tsunami probably
18.737615, - clasts date” fi --n ' emplaced both of the -
64.393281 1000-." 70 fields of scattered lime- | _cPoSItS
Anegada to — atOto AtWater et al. 2017
stone boulders and cob-
18.691936, - 6m asl
64.273443 bles... Emplacement by
storm was deemed un-
likely on the basis of
| 10 hrain corals Iocatiqn far inland_and
Huge amount of ’ daced from elt(())nsgha;:’(e)n Apegzeegilr? Lar
deposits : 200 boul- 1:'00-1480 with o
ders, clasts, san”’ | diameters of . “””'Fa.“e was found
layers... 05mto2.7m |nsuff|C|enF to produce
the flows inferred by
tﬁgoznc?o Tg:; modeling transport of the
boulders identi- largest of the boulders...
fied mostly on pefore 2013 Typhoon
the northern Haiyan made clear that an
coast) unusually large storm can
produce tsunami like
bores in a setting like that
of Anegada’s north
shore. »
. Deposits
r(]:;:)l(t)'s‘?tls Bouldecrsazzltlliz:]lé)ng the No dates storm or tsunami atOto Sheffers et al. 2006
10m asl
18.213421, -
Anguilla 63.016891 3 cores from a lagoon : Beach
18.213261, - several overwash . ridge of Biguenet et al.
63.017380 events with a tsunami 1471-1643 CE Tsunami 2mto 2020
18.212580, - deposit 3m high
63.018681
. Deposits
g:eultlptle Bouldecrsazltllia:]l:ng the No dates storm or tsunami at0to Sheffers et al. 2006
posits 5m asl
Tsunami : « ... sedi-
Scrubb 18.284370, - | 2 cores from a lagoon : mentological (rip-up clast Beach
62.955341 25 overwash events 1364 - 1469 CE of the underlying cohe- ridge of Biguenet et al.
18.284031, - with two tsunami sive substrate and internal 2mto 2021
62.954250 deposits mud laminae), and geo- 5m high

chemical evidence. »




Storm or tsunami :

Coarse sand and « unique coarse sand with Beach

Antigua lglO;fgggg nglc::rreoiztilrln?ec?rotsslttjrllg-a 1350 - 1650 CE micro-shells layer that rluig%?: Well et al. 2017
' - contrast with the rest of .
mi) high
the core »
Potential island
abandonnement Burn etal. 2016 ;
Barbuda Notraces between 1300AD Bain et al. 2017
and 1500AD

Table 2 : Parameters of the fault models (Okada models). L refers to the fault length, W to the fault width
and D to the depth of the fault center. Each letter in the models refers to a fault group: ‘F’ for the intra-arc
faults; ‘R’ for the Puerto-Rico Main ridge faults; ‘OR’ for the Outer-Rise f wlts; ‘W’ for the wedge faults; ‘T’ for
the interplate thrust faults;, ‘MT’ for the interplate mega-thrust faults; ‘IT" 1.~ thv deep interplate faults; ‘IS’ for

the intraslab faults.

Fault | Length (km) | Width (km) | Depth (km) | Slip (m) | Dip (°) | ke (°) | Mw
Fo1 80 20 7.1 2 45 L 9 | 73
FO1b 80 20 7.1 5 45 -90 7.56
F02 80 20 7.1 2 ) -90 7.3
FO3 80 20 7.1 2 ¢ |\ -90 7.3
F04 80 20 7.1 . l 45 -90 7.3
FO5 60 20 7.1 2 45 -90 7.2
Fo8 50 20 7.1 2 45 -90 7.15
F09 50 20 71 |2 45 -90 7.15
F10 30 20 71 |2 45 -90 | 7.02
F11 35 20 Al 2 45 -90 7.06
F13 80 20 7.1 2 45 -90 7.3
F14 80 20 ! 2 45 -90 7.3
F14b 80 20 71 5 45 -90 7.56
F15 60 20 | 71 2 45 -90 7.2
F16 100 2 7.1 2 45 -90 7.36
R1 40 20 8.7 5 60 90 7.36
R2 50 20 8.7 5 60 90 7.43
OR1 120 45 20 7 60 -90 8.0
OR2 120 45 20 7 60 -90 8.0
OR3 150 25 11 10 60 -90 8.0
OR4 150 25 11 10 60 -90 8.0
OR5 150 25 11 10 60 -90 8.0
w1 100 20 1.75 20 10 90 8.0
w2 100 20 1.75 20 10 90 8.0
w3 100 20 1.75 20 10 90 8.0
T1 200 100 9 20 10 90 8.7
T2 200 100 9 20 10 90 8.7
T3 200 100 9 20 10 90 8.7
T4 200 100 9 20 10 90 8.7




MT1 300 100 9 20 10 90 8.8
MT1b 300 100 9 30 10 90 8.9
MT2 300 100 9 20 10 90 8.8
MT2b 300 100 9 30 10 90 8.9
IT1 150 60 40 6 20 90 8.0
IT2 150 60 40 6 20 90 8.0
IS1 100 20 50 5 85 -90 7.63
1S2 100 20 50 5 35 -90 7.63
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