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ABSTRACT

The Yucatdn Peninsula, Mexico, has typically been considered a tectonically
stable region with little significant seismic activity. The region though, is
one that is regularly affected by hurricanes. A detailed survey of ca 100 km
of the eastern Yucatdn and Cozumel coast identified the presence of ridges
containing individual boulders measuring >1 m in length. The boulder
ridges reach 5 m in height and their origin is associated with extreme wave
event activity. Previously modelled tsunami waves from known seismically
active zones in the region (Muertos Thrust Belt and South Caribbean
Deformed Belt) are not of sufficient scale in the area of the Yucatan Penin-
sula to have produced the boulder ridges recorded in this study. The occur-
rence of hurricanes in this region is more common, but two of the most
destructive (Hurricane Gilbert 1988 and Hurricane Wilma 2005) produced
coastal waves too small to have created the ridges recorded here. In this
paper, a new tsunami model with a source area located on the Motagua/
Swan Island Fault System has been generated that indicates a tsunami event
may have caused the extreme wave events that resulted in the deposition of
the boulder ridges.

Keywords Boulders, extreme wave event, palaeoseismology, tsunami.

INTRODUCTION the Pleistocene shelf margin, reef and back-reef

limestones, which were deposited during the

The Yucatan Peninsula of Mexico is a carbonate
platform composed of Eocene-age limestone in
the interior, with offlapping sequences corre-
sponding to a Quaternary coastline (Weidie,
1985). The present-day coastline is incised into

last interglacial sea-level highstand (marine iso-
topic stage — MIS — 5). The Pleistocene deposits
extend inland for some 10 km and form the
most recent of a sequence of accreted carbonate
units reaching at least 12 m in thickness (Ward,
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1985). These deposits are present as two reef
tracts up to 3 metres above sea-level (m a.s.l.)
and 6 m a.s.l., and Th/U dating confirms that
the reef tracts are contemporary and formed dur-
ing Marine Isotope Stage 5e (Blanchon et al.,
2009). The peninsula is considered to have been
tectonically stable since the late Pleistocene
(Szabo et al., 1978); this belief is also supported
by the lack of recorded historical seismicity
(Méarquez-Azua et al., 2004).

A detailed survey of ca 100 km of the eastern
Yucatan coast (Quintana Roo and Cozumel
Island) identified the presence of beach ridges
comprised of individual boulders measur-
ing >1 m in length (Fig. 1). The ridges reach
5 m in height and their origin is inferred to be
associated with extreme wave event (EWE)
activity, associated with either tsunamis (not
recorded as having occurred in the area) or hur-
ricanes (frequently recorded in the area).
Recently, these boulder ridges were partially
described by Shaw & Benson (2015) and attribu-
ted to a tsunami event, but no evidence of the
tsunami source was provided.

BOULDER RIDGES DESCRIPTION

There are two main areas where boulder ridges
were studied in detail. One is along the coast
in Quintana Roo between Playa del Carmen
and Caleta Tankah and the other area is
located on the eastern coast of Cozumel Island
(Fig. 1).

The ridges are composed of accumulations of
coral reef boulders, with most being angular in
shape and imbricated. Individual boulders are
more than 1 m long and the ridges reach heights
of 5 m. Accumulations of boulders are more
extensive along rockier sections of the coast,
rocky platforms and capes, while in caletas
(karstic bays) boulder ridges are absent and
replaced by a ridge of sand, reef pebbles and
cobbles. Typically, the boulders originate from
joint bounded blocks (JBB) originally forming
part of the late Pleistocene platforms near mean
sea-level (m.s.l.), corresponding to MIS 5e (Blan-
chon et al., 2009). At some of the sites a second
smaller ridge exists overlapping the main one,
the smaller ridge being typically composed of
pebbles and cobbles.

Methodology

The area has been divided into a series of sec-
tors in order to complete surveys of the ridges.
In this area the late interglacial marine sedi-
ments extend, consisting of two separate linear
reef tracts that are offset and at different eleva-
tions (Blanchon et al., 2009). Holocene ridges
and beaches overlie the lower reef tract that
crops out along the northern shore for 500 m
inland of the reef crest outcrop from below
mean sea-level to +3 m. The crest is composed
of large A. palmate colonies dispersed within an
A. palmate boulder gravel; this is flanked by a
reef front with a mixed coral assemblage and a
large, lagoonal patch-reef complex (Blanchon
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Fig. 1. Location maps showing position of the study area in the Yucatdn Peninsula and sites with boulder ridges.
Sites are: XT — Xcaret; PV — Punta Venado; PA — Paamul; XH - Xpu Ha; KA - Kantenah; PL — Palladium Resort;
XC — Xcacel; CT — Caleta Tankah Cozumel; CR — Castillo Real; CB — Coco’s Beach; PM — Punta Morena; PC — Punta

Chiqueros; CL — Celarain Lighthouse.
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et al., 2009). Geomorphologically these features
correspond to a marine platform developing
between 0-5 m a.s.l. and 1-0 m a.s.l. in some of
the sectors and was fractured in a JBB (joint
bound boulder) pattern.

In each sector, where a boulder ridge was pre-
sent, several boulders have been measured and
the most representative (largest or highest) have
been included in Table 1. In total, more than 100
boulders were measured [a, b and ¢ axis dimen-
sions, height, distance to the coastline (d) and
the main lithology]. Measurements were taken
using non-deformable metric tapes and a Leica
Disto X310 laser distance measurer (Leica, Wet-
zlar, Germany). Pictures of the boulders were
ground-based, taken with a Canon Powershot
SX240HS camera (Canon, Tokyo, Japan) and pro-
cessed for photogrammetry using Agisoft Photo-
scan software (Agisoft, 2017). As a result of the
photogrammetry, a three-dimensional recon-
struction of the boulders was created and all of
the dimensions calculated. Thus, the volume of
these boulders can be measured accurately
(Fig. 2). The blocks and boulders represent
heterogeneous reef-rock and consist of varying
percentages of several different lithofacies.

Ridge descriptions

Descriptions of different sectors of boulder
ridges are found below. These sectors occur
from Playa del Carmen to Cozumel Island.

Playa del Carmen—Xcaret (XC)

Southward of Playa del Carmen (southern Play-
acar residential development), a ridge of imbri-
cated boulders can be seen reaching up to 45 to
5-0 m a.s.]. The largest boulders are at the bot-
tom of the ridge, with imbricated boulders pre-
sent at the top of the ridge. The ridge continues
on to Xcaret Park (XT). Mayan ruins exist in the
park (Xcaret archaeological site), and to the
north a single structure facing the sea and
referred to as K-1 by Andrews & Andrews (1975)
has been identified and dated as a temple from
the Post-Classic Mayan period. The temple rests
on a platform of large boulders, a setting that
was previously described during studies per-
formed in 1986 and 1987 by Con (1991) indicat-
ing that this setting is not an artefact of recent
restoration work (Fig. 3).

Paamul (PA)
Paamul beach is a small sandy bay without
boulders. Southward of the bay a boulder ridge
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is present, formed of late interglacial reef depos-
its. The ridge develops in elevation from 0-5 to
4.0 m a.s.l., with its lower section closer to the
coastline (1-8 to 2-0 m from the coastline) and
the higher section at a greater distance (31 m).
The late Pleistocene marine platform is present
across the whole area and is highly fractured.
This is the source of the boulders that form the
ridges. To the south at 1-:20 m a.s.l. a microcliff
is present in the late Pleistocene deposits and
accumulations of reef pebbles and cobbles occur
attached to the seaward side of the boulder
ridge. The boulder ridge, however, disappears at
Hard Rock Hotel (Puerto Aventuras) where the
coast is highly modified by tourist infrastructure
(Fig. 4).

Xpu Ha (XH)

To the south (Punta Chile) no ridge is present at
the beach. However, a ridge can be seen some
metres further along the coast. This ridge
reaches up to 4 to 5 m a.s.l. and consists of reef
cobbles at the top and angular boulders at the
bottom. The marine platform is quite narrow
here [distance (d) = 2 m] and to the north there
is a sandy beach with no visible ridge.

Palladium (PL) — Caleta Kantenah (KA)

The Palladium (PL) sector is located around the
Gran Palladium Resort. Just in front of the resort
there is a small embayment (Caleta Kantenah)
with no ridge present. To the south a small ridge
is present with some reef cobbles that contain
imbricated boulders throughout reaching 4 m
a.s.l. on average and a distance to the coastline
of 10 to 12 m. Details of the deposits are pre-
sented in Fig. 5. The ridge extends inland up to
50 m with smaller scattered boulders and
rounded cobbles. The maximum height of the
ridge is 6 m a.s.l. and the ridge terminates at the
Dolphin Discovery Center.

To the north of the Dolphin Discovery Center
a ridge is present that contains reef cobbles with
pebbles on top (1 m a.s.l.) and boulders at the
bottom. The ridge reaches up to 4-5 m a.s.l. and
is situated over a late Pleistocene marine plat-
form with a distance to the coastline of 22 to
32 m and fractured in a JBB pattern. The sector
terminates at the Xpu Ha sector (Punta Chile,
XH).

Within this ridge, towards the top there are
Mayan ruins named ‘La Ruina’ (Fig. 6). There is
no evidence of boulders resting on the archaeo-
logical remains indicating that the ridge was
already in situ before construction of this
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Table 1. Minimum height of the extreme wave (tsunami and storm) necessary to move the boulders listed.

Nott, 2003 — Engel & May,
JBB 2012 — BB
Sector Boulder a(m) b(m) c(m) Corrected vol. (m®) Weightkg Ht(m) Hs(m) Ht(m) Hs (m)
Paamul BPM1 1-89 1-39 0-51 0-66 1490 1-0 4.0 1-2 4.9
BPM2 1-19 0-46 0-46 0-12 280 0-1 0-6 1-1 4-4
BPM3 1-37 0-81 0-45 0-24 555 0-4 1.7 11 4.3
BPM5 0-84 0-80 0-70 0-23 523 0-3 1-0 1-7 6-7
BPM6 1-48 1-14 0-74 0-61 1389 0-5 2-0 1-8 7-1
BPM7 1-72 0-82 0-49 0-34 769 0-4 1-6 1-2 4.7
BPM8 1-57 0-98 0-55 0-41 941 0-5 2-0 1-3 5-2
BPM9 2-70 2-60 1-07 3-68 8355 1-6 6-5 2-6 10-2
BPM10 3-70 1-72 0-80 2-49 5663 1-1 4.3 1-9 7-6
B2-3 1-52 1-09 0-64 0-52 1179 0-5 21 1-5 6-1
B2-4 0-85 0-77 0-53 0-17 386 0-3 1-3 1-3 5-1
B2-5 1-26 0-90 0-58 0-32 732 0-4 1-6 1-4 5-5
BPM11 2-00 0-74 0-57 0-41 938 0-3 1-2 1-4 54
Palladium- BPA1 1-96 0-91 0-87 0-76 1726 0-3 11 21 8-3
Kantenah BPA2 1-60 1-30 0-95 0-97 2198 0-5 2-0 2-3 91
BPA3 1-84 0-93 0-77 0-65 1466 0-3 1-3 1-8 7-3
BPA4 1-50 0-95 0-57 0-40 903 0-5 1-8 1-4 54
BPA5 1-86 0-92 0-89 0-75 1694 0-3 1-1 21 8-5
BPA7 1-10 0-55 0-50 0-15 336 0-2 0-7 1-2 4.8
BPAS8 3-90 1-45 0-57 1-58 3585 1-1 4.3 1-4 5-4
BPA9 2-10 1-00 1-00 1-03 2336 0-3 1-2 2-4 9-5
BPA10 2-60 1-65 1-08 2-27 5154 0-7 2-9 2-6 10-3
BPA11 2-30 1-30 0-71 1-04 2361 0-7 27 1-7 6-8
BKAN1 2-10 0-86 0-76 0-67 1527 0-3 1-2 1-8 7-3
BKAN2 1-24 0-90 0-47 0-26 583 0-5 19 1-1 4.5
BKAN4 3-10 2-01 0-70 2-14 4852 1-6 6-2 1-7 6-7
BKANS5 2-12 1-30 0-52 0-70 1594 0-9 3-6 1-2 5-0
BKANS 1-21 0-78 0-41 0-19 430 0-4 1.7 1-0 39
BKAN9 2-30 2-10 0-51 1-21 2740 2-0 8-1 1-2 4.9
BKAN10 2-70 1-56 1-00 2-06 4685 0-7 2-8 24 9.5
Xcacel BXC4 1-24 0-60 0-56 0-20 463 0-2 0-8 1-3 5-3
B2 1-20 0-65 0-61 0-23 529 0-2 0-8 1-5 5-8
B6 1-80 0-93 0-77 0-63 1434 0-3 1-3 1-8 7-3
BA12 1-82 1-00 0-84 0-75 1700 0-4 1-4 20 8-0
BN1 1-90 1-00 0-75 0-70 1585 0-4 1-6 1-8 7-2
BN3 0-90 0-58 0-40 0-10 232 0-2 1-0 1-0 3-8
BN5 1-40 117 0-76 0-61 1385 0-5 20 1-8 7-3
BN6 2-02 1-20 0-42 0-50 1132 0-9 3-7 1-0 4.0
Akumal BAK2 2-32 1-32 0-49 0-74 1669 1-0 3-9 1-2 4.7
BAK3 2-02 1-00 0-84 0-83 1887 0-4 1-4 2-0 8-0
BAK4 1-47 1-00 0-87 0-63 1423 0-3 1-3 21 83
BAK5 1-30 1-24 0-38 0-30 681 1-0 4.0 0-9 3-6
BAK6 1-38 1-02 0-86 0-59 1346 0-4 1-4 21 8-2
Cozumel BCZ3 1-52 1-23 0-19 0-17 395 1.7 6-8 0-5 1-8
BCZ4 1-44 1-19 0-32 0-27 610 11 4-3 0-8 31
BCZ5 1-50 0-97 0-51 0-36 825 0-5 21 1-2 4.9
BCZ6 3-70 2-38 0-82 3-54 8032 19 7-4 2-0 7-8
BCZ7 1-90 1-60 1-20 1-79 4058 0-6 2-4 2-9 11-5
BCZ8 2-00 1-90 0-30 0-56 1268 2-4 9-8 0-7 2-9
BCZ9 2-49 2-00 0-70 1-71 3877 1-5 5-9 1-7 6-7

JBB, joint bounded blocks.
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Fig. 2. Reconstructed image using Agisoft photogrammetry of boulders in the Akumal sector. All of the size attri-
butes of boulders used in this study can be obtained from the three-dimensional reconstructions.

historical site. The ruins probably correspond to
an ‘adoratorio’ (praying altar) from the Post-Clas-
sic Mayan period (Andrews & Andrews, 1975;
Zuniga, 2016).

Akumal

This area can be split in two sections. The first,
to the south, from Casa Kukulcan-Gran Oasis
Tulum to Caleta Chemuliyito is strongly affected
by development resulting in extensive modifica-
tions to the coastline. Near the Gran Oasis
Tulum resort there is a ridge present that reaches
up to 1-5 m a.s.l. and is comprised mainly of reef
cobbles and pebbles with scattered boulders on
the beach. To the south the ridge reaches up to
45 m a.s.l. An interview with an eyewitness
reported that the cobble and pebble ridges were
formed during Hurricane Emily (2005) but that
the boulders were not relocated during this
event or by later hurricanes. In Caleta Chemuliy-
ito, where a marine platform exists extending up
to 70 m from sea, the boulder ridge rises up to
5 m a.s.l. again and its seaward side is covered
by cobbles and pebbles presumably deposited
during Hurricane Emily (Fig. 7).

The second section is Akumal North, a marine
platform built on late Pleistocene deposits. This
section is 270 m long and 65 to 70 m wide, and
is overlain by clusters of imbricated boulders.

From Half Moon Bay to Cenote Yal-Ku, the mar-
ine platform width narrows to 20 m and the
imbricated boulder ridge is well-developed and
reaching up to 4 to 5 m a.s.l. The marine plat-
form is also fissured with a JBB pattern. The
inland extent of the ridge, however, was difficult
to determine because of the proliferation of resi-
dential buildings and a road that was built on
top of the ridge. However, data collected in the
early 1990s by Shaw & Benson (2015), shows that
the inland surface of the ridge was composed of
smaller boulders and cobbles that spread inland
over a distance of 70 m.

Xcacel (XC)

From Xcacel beach to the south a ridge is pre-
sent, composed predominantly of well-rounded
cobbles and pebbles from an A. palmata reef
and beach rock, extending up to 4.0 m a.s.l.
These cobbles and pebbles rest above some sin-
gle boulders from late interglacial deposits. In
the Xcacelito Bay area some excavated trenches
exist but no boulder ridges or cobble ridges can
be observed, only sandy foredunes. At the end
of Xcacelito Bay the main ridge consists of
boulders reaching up to 2:5 m a.s.l. and d = 3-0
to 6:20 m. The ridge overlies a late Pleistocene
marine platform (0-5 m a.s.l.) that is highly
fissured in a JBB pattern. In some locations,
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Fig. 3. Boulder ridge south Playa del Carmen, from south Playacar to Xcaret Park. (A) 4-5 to 5-0 m a.s.l. boulder
ridge with sandy beach in front. (B) Imbricated boulders (1-35 m length) on top of narrow marine platform. (C)
Post-Classic Mayan period temple (K-1) at Xcaret archaeological site associated with >1 m boulder at top of the
cliff. No boulders or pebbles were found at the top or affecting the Mayan site. (D) 3-0 to 4-0 m a.s.l. boulder ridge
(facing north from Xcaret temple K-1) associated with a JBB marine platform 8 to 12 m wide.

small boulders and pebbles can be found up to
23 m inland, but usually the ridge exhibits a
width of 4 to 6 m. This sector ends to the south
at Xel-Ha Park limits, where access was not
permitted.

To the northern end of Xcacel Bay a ridge of
rounded cobbles is present at d =15 m. The
ridge contains some boulders, composed solely
of reef materials. The ridge reaches up to 5 m
a.s]l. and extends up to 29 m inland. The

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology
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Fig. 4. Detailed photographs of the south Paamul sector. (A) Marine platform exhibiting fracture network (white
lines) forming a JBB pattern; the arrow indicates a disaggregated boulder. (B) Boulder ridge developed up to 4-5 m
a.s.l. associated with a narrow marine platform. (C) Boulder ridge up to 4-5 m a.s.l. associated with a fractured 31 m
wide marine platform. (D) Rounded coral cobbles and pebbles attached to the main boulder ridge. (E) and (F) Sub-
rounded imbricated coral boulders at foot of the seaward facing slope of the main ridge. JBB, joint-bound boulder.

elevation of the ridge and size of the cobbles seaward of the ridge with an average width of
decrease with increasing distance inland. Again, 35 m to the ridge, although this width reaches
a late Pleistocene marine platform exists 100 m at some points.

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology
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Fig. 5. Detailed photographs of the Palladium-Kantenah sector. (A) Boulder ridge up to 4 m a.s.l. associated with a
marine platform. (B) Overturned reef boulder (white arrow) at the bottom of the boulder ridge. (C) Small ridge of
rounded reef cobbles and pebbles related to hurricane waves that hit this coastal area over the last decade. (D) Large
boulder ridge up to 4-5 m a.s.l.; note the rounded reef pebbles associated with hurricane wave activity along this coastal
area over the last decade. (E) Imbricated boulders at the foot of the boulder ridge associated with a marine platform.

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology
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Fig. 6. Mayan ruins called ‘La Ruina’ sitting at 5 m a.s.l. at the top of a boulder ridge. They are interpreted as cor-
responding to an ‘adoratorio’ (praying altar) from the Post-Classic Mayan period (building height is 2-15 m).

Caleta Tankah (CT)

Surveying from Caleta Tankah to Tulum archae-
ological site showed that both boulder and cob-
ble ridges are absent. There is only present a
sandy beach with some associated dunes.

Cozumel Island

Boulder or cobble ridges are only present on the
eastern coast of Cozumel. The survey carried out
in this study only reached as far north as Coco’s
Beach due to access restrictions, but aerial
images show that segments of the boulder ridge
are present up to the vicinity of Playa Bonita-
Castillo Real. Here, the boulder ridge reaches up
to 3 m a.s.l. and is composed mainly of late
Pleistocene calcarenites and corals with d = 3-0
to 4-5 m. The main road to the south covers
much of the ridge; therefore, measurements were
only taken where the boulder ridge was not
affected by the road. Between Punta Morena and
Punta Chiquero there is also a late interglacial
rock marine platform and in this area the dis-
tance from the boulder ridge to the coast reaches
8 to 12 m. Near Faro Celarain (Celarain light-
house) the ridge disappears, and only scattered
boulders can be seen (Fig. 8).

ORIGIN OF BOULDER RIDGES

In recent years there has been discussion on
coastal processes resulting in the build-up of
coarse-clast ridges. Investigations along the

Circum-Caribbean coastlines (Morton et al.,
2006, Morton et al., 2008; Scheffers et al., 2014)
and elsewhere (Etienne et al., 2011; Richmond
et al., 2011) have reinforced the view that
coarse-clast ridges backing tropical reef settings
result from the periodic impact of storm waves.
Previous research completed by some of these
authors (Scheffers et al., 2009) in their studies
of storm/tsunami deposits in the Caribbean indi-
cated that the problems of coastal coarse sedi-
ment transport, in particular the transport of
large boulders by waves, are far from being
solved, and their discussion is highly controver-
sial among field scientists and modellers. In
their list of the main diagnostic features discrim-
inating between storm induced and tsunami-
genic coarse deposits, these authors concluded
that boulder rampart/ridges formed by tsunamis
include: boulders of over 300 tons; mega-clasts
diminishing in size landward; a seaward strip of
bare rock; imbrication strongly present; presence
of seaward slopes and a smooth landward slope
or boulders, mostly angular.

Mastronuzzi et al. (2007) argued that the use
of boulder accumulations as indicators of tsuna-
mis has been a matter of debate as boulder accu-
mulations can also result from storm wave
action. However, detailed studies (Noormets
et al., 2004; Nott, 2004; Scheffers et al., 2005)
have shown that extreme storm waves are not as
efficient as tsunamis in the detachment and
transport of large boulders. Noormets et al.
(2004) indicated that tsunamis, as well as large

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology
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Fig. 7. Detailed photographs of the Akumal sector. (A) Reef cobbles and pebble ridge associated with Hurricane
Emily in 2005. (B) Boulder ridge up to 5 m a.s.l. with attached (in the foreground of the picture) reef cobbles and
pebbles associated with hurricane-generated waves recorded in the last decade. (C) Boulder ridge in the residen-
tial area north of Akumal. (D) Boulder ridge associated with a marine platform up to 70 m wide.

swell waves, are capable of quarrying large boul-
ders, provided that sufficient initial fracturing is
present. However, swell waves are seldom cap-
able of emplacing large blocks onto the emerged
platform due to their rapid disintegration after
breaking. On the contrary, tsunamis are more
likely to emplace large boulders onto the coastal
platform due to the longer duration of their
action. Mastronuzzi et al. (2007) identified the
presence of rampart/ridge imbricated boulder
accumulations along the coast of south-eastern
Salento (Apulia region, Italy) associated with a
historical tsunami.

Engel et al. (2013) in their paper on extreme
wave deposits in Bonaire, southern Caribbean
studied the size of boulders and sedimentary
patterns of extreme wave deposits. These authors
concluded that flooding events significantly

exceeding the magnitude of recent category 5
hurricanes occurred in prehistoric times and that
these flooding events were tsunamis.

Scheffers & Kinis (2014) described multiple
imbricated boulder deposits (most of them as
ramparts or ridges) with storm or tsunami ori-
gins. These authors completed a comprehensive
review of existing literature and concluded that
all of these imbricated boulder deposits were
associated with tsunamis: Bishop & Hughes
(1989) from coastal boulders in eastern Aus-
tralia; Kelletat & Schellmann (2002) as well as
Whelan & Kelletat (2002) from Cyprus; Bartel &
Kelletat (2003) from Mallorca (Mediterranean
Spain); Whelan & Kelletat (2003) as well as Kel-
letat et al. (2005) from Cabo Trafalgar and Mal-
lorca (Spain); Gracia et al. (2006) also from Cabo
Trafalgar in Andalusia, Spain; Kelletat et al.

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology
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Fig. 8. Detailed photographs of the Cozumel sector. (A) Angular to sub-angular cobble ridge up to 2:5 m a.s.l. (B)
Large angular reef boulder at seaward edge of the ridge base associated with a fractured marine platform. Note the
imbricated boulders behind the main boulder. (C) Boulder ridge up to 3 m a.s.l. associated with a marine plat-

form. (D) Isolated reef boulder at the foot of the ridge.

(2004) from Eleuthera and Long Island, the
Bahamas; Mastronuzzi & Sanso (2004) as well as
Mastronuzzi et al. (2006) from several places in
Apulia (south-eastern Italy); Scheffers (2006)
from Cyprus, southern Turkey, Rhodes (Greece),
and the Bahamas; Bryant & Haslett (2007) in
tsunamites of the Bristol Channel in south-west
England; Bryant (2008) from many places along
the Australian shorelines; Scheffers et al.
(2008a,b) in the western and southern Pelopon-
nesos of Greece; Mhammdi et al. (2008) along
the Moroccan coastline in the Rabat area;
Maouche et al. (2009) in giant clasts along the
Algerian coastline; Vott & May (2009) on the
western and southern Peloponnesos, Greece;
Hoffmann et al. (2010) in Oman; May et al.
(2010) at Cape Bon in Tunisia; Scheffers et al.
(2010) at many places along the Irish west coast;

Vott et al. (2010) on Kephalonia island, Greece;
Shah-hosseini et al. (2011) in southern Iran; and
Vott et al. (2011) at the west coast of the Pelo-
ponnesus, Greece.

After reviewing multiple sets of data, Schef-
fers & Kinis (2014) concluded that generally,
strong imbrication, even in large boulders (from
10 to >200 tons in weight), is best developed in
coarse tsunami deposits. Also, these authors
indicated that well-developed imbrication, in
addition to the presence of balancing boulders
perched delicately on top of boulder clusters or
boulder ridges (although rare compared to over-
all imbrication), was indicative of tsunami
impact, and excluded storm waves as the cause
of these features.

Spiske & Bahlburg (2011) reviewed published
examples of boulder transport by tsunamis (Goto
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et al., 2007; Kelletat et al., 2007; Paris et al.,
2009, 2010; Bourgeois & Maclnnes, 2010;
Lamarche et al.,, 2010). This study concluded
that various criteria, for example the size and
mass of boulders, as well as the distance of the
boulder deposits from the coast and their posi-
tion above sea-level, were frequently used to dis-
criminate between a tsunami or storm origin
(Mastronuzzi & Sanso, 2000; Bryant & Nott,
2001; Whelan & Kelletat, 2005; Scheffers et al.,
2009) and that boulders entrained and trans-
ported by tsunamis were supposed to have lar-
ger sizes and greater mass, and should be
transported further inland than storm boulders
(Whelan & Kelletat, 2005; Scheffers et al., 2008a,
b; Goto et al., 2009).

Other authors that assigned a tsunami origin
to boulder ridges include Mhammdi et al. (2008)
who described trains of large imbricated boul-
ders along the Rabat coast (Morocco), possibly
emplaced by the 1755 Lisbon tsunami. Costa
et al. (2011) studied scattered boulders and
boulder ridges in the Algarve (south Portugal)
using the equations of Nott (Nott, 1997, 2003)
and their modifications (Nandasena et al.,
2011a,b), correlating those deposits with the
1755 Lisbon earthquake tsunami. Medina et al.
(2011) also described trains of imbricated boul-
ders in Rabat and Larache (Atlantic Moroccan
coast) and concluded that tsunami waves were
responsible for the displacement of the largest
boulders, whereas storm waves may have dis-
placed smaller ones. Miller et al. (2014) studied
coral boulder ridges in north Jamaica and con-
cluded that they could have been derived by
either storms or tsunamis. Roig-Munar et al.
(2018) indicated a tsunami origin for large imbri-
cated boulder ridges in Menorca (Balearic
Island). Schneirder et al. (2018) surveyed large
imbricated boulder trains along the north-east-
ern coast of Oman and related them with histori-
cal tsunamis associated with the Makran
Subduction Zone.

Etienne et al. (2011) argued that there are no
published accounts of extensive boulder ridge
formations by tsunamis in any case studies of
recent events. However, this statement can be
challenged when looking at, for example, the
2004 Indian Ocean tsunami. Paris et al. (2009)
and Nandasena et al. (2011b) have described
boulder trains deposited by this tsunami in West
Banda Aceh, Sumatra. Yamada et al. (2014)
described concentrations of boulders (instead of
ridges or alignments) in three major clusters, in
relation to the 2011 Tohoku-oki tsunami at

Miyako City, Japan. Recently Lau et al. (2018)
identified lines of large coral reef boulders in
Fiji, associated with a 1953 tsunami. The above
findings by Etienne et al. (2011) are based on
the concept that the organization of coarse clasts
into ridges requires repeated reworking by many
waves rather than by the impact of only a few
waves, as occurs during a tsunami. This contra-
dicts studies about the reworking of ridges by
some researchers who found that if the different
waves of a tsunami wave train had sufficient
energy to entrain clasts, the transport would
occur step by step in a landward direction
(Spiske & Bahlburg, 2011). The process of
entrainment, transport and deposition will be
repeated two or three times, thus building the
groups which then give the appearance of a sin-
gle transport sequence. The proposed multi-step
process model has been also reported in other
tsunami boulder transport studies (Nandasena
et al., 2011b). As a result, the discussion about
the origin of boulder ridges as a result of
extreme wave events is still open and a range of
approaches and interpretations exists in the lit-
erature.

MODELLING BOULDER TRANSPORT

Several studies have tried to infer the height of
waves required to transport boulders at the
coast, some of which have been previously cited
in this text. Nott (1997, 2003) asserted that the
pre-transport situation of a coastal boulder, rela-
tive to mean water level, along with its shape,
size and density determines the height of wave
required for it to be transported. Nott (2003)
presented formulas used to calculate wave
heights required to move boulders by both tsu-
nami and storm waves in three different pre-
transport situations: submerged boulders; sub-
aerial boulders; and joint-bounded blocks. Noor-
mets et al. (2004) noted that tsunami waves
have a considerably longer wave period than
storm waves, and thus may have greater trans-
port capacity because each wave has the poten-
tial to move blocks for a longer time than a
storm wave. Indeed, storm waves can break and
emplace megaclasts but they tend to attenuate
faster than tsunami waves. Pignatelli et al
(2009) introduced some modifications to the
Nott (2003) formulas to incorporate the fact that
a boulder has one side facing the wave, one top
surface and is limited by four sides. Later, Bar-
bano et al. (2010) modified their earlier proposal
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after testing wave transport equations on the
coast of Sicily. Nandasena et al. (2011a)
improved the Nott equations further and found
that the minimum flow velocity, derived from
their revised equation, required to initiate trans-
port of submerged boulders was less than that
inferred from the Nott equations (for example,
wave height required to move submerged boul-
ders is reduced up to 56% and for joint
bounded blocks up to 65%). These authors also
developed a ‘boulder transport histogram’ to
represent the range of flow velocities that satis-
fied the requirements for initial transport of a
boulder via different modes of transport: slid-
ing, rolling and saltation (Nandasena et al.,
2011a). The boulder transport histogram can be
used to predict the possible initial transport
modes of a boulder departing from the flow
velocity.

Even inferring wave height from the ‘initia-
tion of motion’ approach is currently consid-
ered questionable, although it has been used in
previous work. Mastronuzzi et al. (2007) used
the Nott (2003) equations for hydrodynamic
calculations relating to boulder accumulations
in south-eastern Salento (Italy). Additionally,
other researchers used this methodology to
study the movement of boulders related with
extreme wave events, in studies by Spiske et al.
(2008) in the Lesser Antilles (Caribbean),
Maouche et al. (2009) on the Algeria coast,
Switzer & Burston (2010) on the south-east
Australian coast, Costa et al. (2011) on the
Algarve (south Portugal) and Spiske & Bahlburg
(2011), that applied this methodology to study
the motion of cobbles and boulders during the
2011 Maule Tsunami (Chile). Engel & May
(2012) and Engel et al. (2013) reviewed and
applied the equations of Nandasena et al
(2011a) in Bonaire (Lesser Antilles, Caribbean)
and their results indicated that boulder mass
and dimensions, and thus the calculated wave
energy and wave heights had been overesti-
mated in most previous studies, demonstrating
the importance of accurately calculating these
parameters. Additionally, Spiske et al. (2008)
reported that realistic bulk densities are critical
for inferring minimum storm and tsunami wave
heights from the boulder record.

Extreme wave height

Taking all of these formulas into account, and
since most of the boulders examined in this

Evidence of a palaeotsunami, Mexico 13

study correspond to a JBB scenario, the equa-
tions below have been utilized. The Nott (2003)
equation for joint-bounded boulders (JBB):

b,
0-25(%)0

Ht > 1

t> G (1)
(e

Hs> " /_ 2

52— (2)

where Ht = tsunami wave height; Hs = storm
wave height; Cj = coefficient of lift (0-178);
a= A axis of boulder; pw = density of seawa-
ter = 1-02 g ml™'; pb = boulder density. The
bulk density of similar deposits was determined
to be between 2-07 to 2-40 g cm °® by Engel &
May (2012) and in this study an average density
of 2.27 g cm™® was used.

The proposal of Engel & May (2012), which
used a modification of the Nott equations for-
warded by Nandasena et al. (2011a,b) for the
JBB scenario, where:

pb—pw) -V - (cosf+ u-sinb)

(
H:
t 2-pw-Cr-a-b-q

(3)

HS:(pb—pw)-V-(cos@+,u~s1n6) (a)
0:-5-pw-Cr-a-b-q

where V = corrected boulder volume, q = boul-
der area coefficient (0-73), b = B axis of boulder,
u = coefficient of static friction (0-65) and
6 = bed slope angle of the pre-transport setting.

Table 1 presents results obtained for a number
of boulders considered representative of the
accumulations addressed herein in terms of
weight, distance to the sea and emplacement
altitude. The results obtained using the Engel &
May (2012) solutions for JBB scenarios indicate
that to move the heaviest and largest boulders,
tsunami wave height would need to exceed 2.0
to 2.9 m (based on mass of the largest boulder
found in different locations in the study area).
The height of storm waves capable of moving
those blocks should be at least 8:0 m and
11-5 m, respectively. Using the Nott (2003) for-
mulas in the same scenario generally results in
an underestimation of wave height in both the
tsunami and storm wave cases.
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Flow velocity and flow depth required to
move the boulders

For the boulder transport histogram introduced
by Nandasena et al. (2011a,b) and in the case of
a submerged or subaerial boulder the following
scenarios exist.

1 Transport initiates with sliding:

2(pb/pw — 1)gc(uscosd + sin 0)
Cale/b) + pusCr

u* >

(5)

2 Transport initiates with rolling (overturn-
ing):

, _ 2(pb/pw — 1)gc(cosd + (c/b) sin 0)
w2 Calc?/B%) + Ci ©

3 Transport initiates with saltation:

02> 2(pb/pw — 1)gccosl (7)
Cr

4 Or in the case of a joint-bounded block
where transport begins with lifting:

25 2(pb/pw — 1)gc(cosd + ug sin 0)

u > C

(8)

In Egs 5 to 8, u is the flow velocity, g is gravita-
tional acceleration (9-81 m s %), ug is the coeffi-
cient of static friction between the boulder and
the bed (0-7), and Cy is the coefficient of drag
(1-95) (Nandasena et al,, 2011a,b; Nandasena
et al., 2014).

To estimate the flow departing depth from the
minimum flow velocity required to move a boul-
der, Nandasena et al. (2014) proposed a relation-
ship between flow depth and flow velocity
described by the Froude number as Fr = u/,/gh,
where h is the flow depth. The Froude number
for past tsunamis has been determined to be
between 0-7 and 2-0; in this study values of 1.0
and 1-5 were used, as proposed by Nandasena
et al. (2012, 2014).

The results obtained by applying these formu-
las to boulders examined in this study (consider-
ing weight, distance to the sea or altitude) are
presented in Table 2 and Fig. 9 shows the

corresponding boulder transport histogram.
Table 2 and Fig. 9 also display the minimum
flow velocity and range of flow velocities
required to initiate boulder transport at each site.
The average results indicate that a wave celerity
of not less than 3-0 m s™" would have been
required to transport boulders from their pre-
transport location. If the average flow velocity
was >3-0 m s ', the boulders would have been
transported by sliding. If the average flow veloc-
ity is >4-3 m s~ 1, the boulders would have been
transported by rolling; if average flow velocity is
>9.1 m s~ %, boulder transport would have been
via saltation. For JBBs, the average flow velocity
for transport by lifting is >9-3 m s~ .

Table 2 also indicates the flow depths neces-
sary to initiate boulder transport using the for-
mulas applied here. Nandasena et al. (2014)
indicated the difficulty in establishing the
Froude number at each site. Using Fr = 1-0, the
minimum flow depth necessary to allow for: (i)
sliding ranges from 04 to 21 m (average
1.0 m); (ii) rolling ranges from 06 to 5-3 m (av-
erage 2-1 m); and (iii) for saltation ranges from
2-6 to 16-5 m (average 8-8 m). Lifting, as is the
case of JBB, required flow depths between
2-7 m and 17-1 m (average 9-1 m). When using
Fr = 1.5 the minimum flow depth for: (i) slid-
ing changes to 0-2 to 0-9 m (average 0-4 m); (ii)
rolling changes to 0-2 to 2:3 m (average 0-9 m);
and (iii) saltation changes to 1-2 to 7-3 m (aver-
age 3-9 m). Initiation by lifting requires that the
minimum flow depth ranged between 1-2 m
and 7-6 m (average 4-0 m), a value more appli-
cable to the boulder ridges recorded in this
study.

TSUNAMI VERSUS HURRICANE ORIGIN

Seismicity in the Yucatan Peninsula

The Yucatan Peninsula is considered to be a tec-
tonically stable area at least in the period since
the late Pleistocene (Szabo et al., 1978). The Mex-
ican Seismic Service (SSN, 2018) has only regis-
tered four earthquakes in the Yucatdan Peninsula
since 1990, and all with a Mw lower than 4-6.
Tsunami catalogues in the Caribbean area show
no recorded events for the Quintana Roo coast
(compiled in Engel et al., 2016). The tsunami-
genic earthquakes in the Caribbean Plate are
mostly concentrated along the western (Lesser
Antilles), north-western (Muertos Thrust Belt)
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Table 2. Minimum values of flow velocity and flow depth required to initiate boulder transport in different
transport modes and using different Froude numbers (F, = 1; F, = 1-5).

Minimum flow depth necessary to initiate boulder transport (m)
Minimum flow velocity required to
initiate boulder transport (m s~ ) F.=10 F,=15

Boulder ID Sliding Rolling Saltation Lifting Slid. Roll. Saltat. Lift. Slid. Roll. Saltat. Lift.

BPM1 3-3 5-3 8-3 8-4 1-1 2-9 7-0 7-3 05 1-3 3-1 3-2
BPM2 2-0 2-3 79 8-0 0-4 0-6 6-3 6-6 0-2 0-2 2-8 2-9
BPM3 2-6 3-8 7-8 79 0-7 1-5 6-2 6-4 03 0-6 2-8 2-9
BPM5 2-6 3-2 9.7 9-9 0-7 11 9-6 100 03 0-5 4-3 4-4
BPM6 31 4-3 10-0 10-2 1-0 1-9 10-2 105 04 0-8 4.5 4.7
BPM7 2-6 3-7 8-1 8-3 0-7 1-4 6-7 7.0 03 0-6 3-0 31
BPM38 2-9 41 8-6 8-8 0-8 1.7 7-6 7.8 04 0-8 3-4 3-5
BPM9 4-6 7-2 12-0 12-2 2-1 5-3 14-7 15-3 09 2-3 6-5 6-8
BPM10 3-7 5-7 10-4 10-6 1-4 3-3 11-0 114 06 1-5 4-9 5-1
B2-3 3-0 4-3 9-3 9-5 0-9 19 8-8 91 04 0-8 39 4.1
B2-4 2-6 3-5 8-5 8-6 0-7 1-2 7-3 76 03 0-5 3-2 3-4
B2-5 2-8 3-8 8-8 9-0 0-8 1-5 8-0 83 03 0-7 3-5 3-7
BPM11 25 3-3 8-8 8-9 0-6 1-1 7-8 81 03 0-5 3-5 3-6
BPA1 2-8 3-3 10-8 11-0 0-8 11 12-0 12-4 04 0-5 5-3 5-5
BPA2 3-3 44 11-3 11-5 11 2-0 131 13-5 05 0-9 5-8 6-0
BPA3 2-8 36 10-2 10-4 0-8 1-3 10-6 110 04 0-6 4-7 4.9
BPA4 2-8 4.0 8-8 8-9 0-8 1-6 7-8 81 04 0-7 3-5 3-6
BPA5 2-8 3-3 11-0 11-2 0-8 1-1 12-2 12.7 04 0-5 5-4 5-6
BPA7 2-2 2-7 8-2 8-4 0-5 0-7 6-9 71 02 0-3 3-1 3-2
BPAS8 3-4 5-4 8-8 8-9 1-2 3-0 7-8 81 05 1-3 3-5 3-6
BPA9 3-0 3-4 11-6 11-8 0-9 1-2 13-8 14-3 04 0-5 6-1 6-3
BPA10 3-7 5-1 121 12-3 1-4 2-7 14-9 154 06 1-2 6-6 6-8
BPA11 3-3 4-8 9-8 10-0 1-1 2-4 9-8 10-1 05 1-0 4-3 4-5
BKAN1 2-7 3-4 10-1 10-3 0-8 11 10-5 10-8 03 0-5 4-6 4-8
BKAN2 27 4.0 8-0 8-1 0-8 1.7 6-5 6-7 03 0-7 2-9 3-0
BKAN3 2-7 4-3 6-6 6-7 0-7 19 4-4 46 03 0-8 2-0 2-0
BKAN4 4.0 6-4 9.7 9-9 1-6 4.2 9-6 100 0-7 19 4.3 44
BKANS5 3-2 5-1 8-4 8-5 1-1 2-7 7-2 74 05 1-2 3-2 3-3
BKANG6 2-7 4.4 52 5-3 0-7 2-0 2-8 29 03 0-9 1-2 1-3
BKAN?7 3-2 54 7-2 7-3 1-1 3-0 52 54 05 1-3 2-3 24
BKANS 2-5 3-8 7-4 7-6 0-7 1-4 5-6 5-8 03 0-6 2-5 2-6
BKAN9 3-9 6-5 8-3 8-4 1-6 4-3 7-0 73 07 19 3-1 3-2
BKAN10 3-6 5-0 11-6 11-8 1.3 2-6 13-8 14-3 06 11 6-1 6-3
BXC4 2-3 2-7 8-7 8-8 0-5 0-8 77 80 02 0-3 3-4 3-5
B2 2-4 2-8 9-1 9-2 0-6 0-8 8-4 87 03 0-4 3-7 39
B6 2-8 3-6 10-2 10-4 0-8 1-3 10-6 11.0 04 0-6 4-7 4.9
BA12 29 3-7 10-6 10-8 0-9 1-4 11-6 12.0 04 0-6 5-1 5-3
BN1 2-9 3-8 10-1 10-2 0-9 1-5 10-3 107 04 0-7 4-6 4-8
BN3 2-2 3-0 7-3 7-5 0-5 0-9 55 5.7 02 0-4 2-4 2-5
BN5 31 4-3 10-1 10-3 1.0 19 10-5 10-8 04 0-9 4-6 4-8
BN6 3-1 5-0 7-5 77 1-0 2-5 5-8 6-0 04 11 2-6 2-7
BAK2 3-2 52 81 8-3 1-1 2-7 6-7 7.0 05 1-2 3-0 31
BAK3 2-9 3-7 10-6 10-8 0-9 1-4 11-6 12.0 04 0-6 51 5-3
BAK4 2-9 3-6 10-8 11-0 0-9 1-3 12-0 12-4 04 0-6 5-3 55
BAK5 31 5-1 7-2 7-3 1.0 2-6 5-2 54 04 1-2 2-3 2-4
BAK®6 3-0 3-7 10-8 11-0 0-9 1-4 11-8 12-3 04 0-6 5-3 5-4
BCZ3 2-8 4-5 5-1 52 0-8 21 2-6 2.7 04 0-9 1-2 1-2
BCZ4 3-0 4-9 6-6 6-7 0-9 2-5 4-4 46 04 11 2-0 2-0
BCZ5 2-8 4.2 8-3 8-4 0-8 1-8 7-0 73 04 0-8 3-1 3-2
BCZ6 4-3 7-0 10-5 10-7 19 5-0 11-3 117 0-8 2-2 5-0 5-2
BCZ7 3-7 4-8 12-7 13-0 1-4 2-4 16-5 17-1 06 11 7-3 7-6
BCZs8 3-5 5-7 6-4 6-5 1-3 3-3 41 43 06 1-5 1-8 19
BCZ9 4-0 6-4 9.7 9-9 1-6 4.2 9-6 100 0-7 19 4-3 4-4
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Fig. 9. Boulder transport histogram for the boulders recorded at the study sites (see Tables 1 and 2 for boulder

properties and pre-transport settings).

and south-western (South Caribbean Deformed
Belt) plate boundaries (USGS, 2018). In addition,
models of tsunami propagation (Engel et al.,
2016) show that a tsunami generated by a Mw 7.9
earthquake from the Muertos Thrust Belt (MTB)
cannot reach the Yucatdn coast. A tsunami trig-
gered by a Mw 8-8 earthquake from the South Car-
ibbean Deformed Belt (SCBD) would reach the
north-eastern Yucatdn coast with a wave
height <1-0 m, thus not high enough to have pro-
duced the boulder ridges investigated in this
study.

Therefore, an alternative source of seismic
activity is required to generate a tsunami wave
able to reach the eastern coast of Yucatdn and
confirm a tsunami origin for the boulder ridges.
Two recent earthquake events off the coast of
Honduras (Mw 7-3, 2009 and Mw 7.6, 2018;
USGS, 2018) and a third one in Guatemala (Mw
7-5, 1976; USGS, 2018) associated with the Mota-
gua/Swan Island Fault System (MSFS), identify
this region as a possible source for tsunamigenic
earthquakes. Likewise, two late Holocene Mw > 7
earthquakes, have been reported by Cox et al.
(2008) pre-dating the 2009 and 2018 events, lead-
ing these authors to propose a 1000-year recur-
rence interval for large earthquakes (Mw > 7)
associated with the MSFS.

The MSFS is a left-lateral strike-slip fault, seg-
ment of the boundary between the North Amer-
ican and Caribbean plates, which accommodates

approximately 20 mm year ' slip (USGS, 2018).
However, the instrumental and palaeoseismic
earthquake records presented above indicate
that, despite the relatively low slip rate of the
MSFS, the resulting seismic and tsunami poten-
tial can be significant.

Hurricanes in the Yucatan Peninsula

Hurricanes commonly occur in this region, with
the Yucatdn Peninsula exposed to an average of
20 tropical cyclones over a 150 year period
(Rosengaus Moshinsky et al., 2014). In order to
characterize the extreme wave climate and storm
surges in the Mexican Pacific Ocean and Gulf of
Mexico/Caribbean Sea, Meza-Padilla et al.
(2015) modelled a total of 3100 synthetic events
achieving landfall in Mexico. These events were
divided between both basins and it was found
that the highest waves are expected in the Mexi-
can Caribbean and the northern coast of the Gulf
of Mexico, whilst the highest storm surge
occurred in the northern part of the Yucatdn
Peninsula. Some of the most destructive hurri-
canes to have made landfall in the eastern
Yucatan produced waves with heights of 4 m
and, in the case of Hurricane Gilbert (1988),
inundated up to 5 km inland. Hurricane Gilbert;
the strongest hurricane that has reached the
Mexico coast achieved a category 5 on the Saf-
fir-Simpson scale, advancing almost 85 km
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inland (Rosengaus Moshinsky & Sanchez Sesma,
1990). Other destructive hurricanes include:
Hurricane Emily in 2005 (Lépez Loépez, 2011)
where 3 m high waves from a combined tide
and surge resulted in a 4 m sea-level rise; and
Hurricane Wilma also in 2005 (Alva Gonzilez,
2015) with its 8 m storm tide. These wave
heights were measured by buoys located at some
considerable distance from the coast (260 km)
and so are likely to have reached the coast at
heights of <4 m due to dissipation of wave
energy (Guisado-Pintado et al., 2014). Coastal
waves of even 4 m would still have been too
small to have produced the ridges recorded in
this study. Eyewitness reports in the Chemuyil
area, where the most extensive accumulations
of reef cobbles and pebbles were recorded,
indicated that most of them were deposited
during Hurricane Emily and were later re-
worked by Hurricane Wilma. Eyewitnesses also
reported that the pre-existing boulders forming
the main ridge were not moved in either hurri-
cane event.

On the nearby coast of Belize, McCloskey &
Liu (2013) described extreme wave events
related to increases in tropical cyclone activity
by recording the input of detrital sediments in
some environments. These authors concluded
that the activity pattern recorded in their study
did not match the regional records from either
the northern Gulf of Mexico or the north-eastern
Caribbean/Atlantic coast and supported the idea
that hurricane activity regimes are not syn-
chronous across the North Atlantic, with differ-
ent regions displaying different temporal
patterns. Also in Belize, Denommee et al. (2014)
presented sedimentary proxy data for palaeo-
hurricane activity from two sediment cores and
related this activity to washover deposits charac-
terized by an increase in grain size. These
authors proposed a seismic origin for these
deposits, concluding that: “unfortunately, there
are no widely applicable diagnostic criteria to
distinguish storm versus tsunami-generated
event beds in such a depositional setting”
(Denommee et al., 2014).

The record of hurricanes is also controversial
in any coastal karstic environment. Brown et al.
(2014) studied Laguna Chumkopéd, in a coastal
karst basin in the eastern coast of Yucatan
Peninsula, and showed that only one of the
three last intense events [Hurricanes Gilbert
(1988), Emily (2005) and Wilma (2005)] was
recorded in the sediment (Gilbert 1988) as a fin-
ing-upward sequence.
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Modelling a tsunami in the eastern Yucatan
Peninsula

The tectonic stability of the Yucatdan Peninsula
region has been used as an argument to disprove
the occurrence of tsunamis in this area even
during historical times. It is proposed here that
seismicity associated with the Motagua/Swan
Island Fault System (MSFS) could originate a
tsunami in this Caribbean area. To test this
hypothesis a model of a tsunami generated by a
seismic event located in the MSFS has been gen-
erated simulating a Mw 7.6, earthquake at
19 km depth with a 110 km long and 26 km
wide rupture area. These parameters were based
on recent events off the coast of Honduras (Mw
7-3, 2009 and Mw 7-6, 2018; USGS, 2018) and a
third one in Guatemala (Mw 7.5, 1976; USGS,
2018) associated with the MSFS. The fault is
type node plane 2 (NP2), with a left lateral
strike-slip focal mechanism, coherent with the
regional tectonic setting. Similar parameters
have been calculated in other left-lateral strike-
slip faults (Rizza et al., 2011). The numerical
code used in this study was Tsunami-HySEA, a
GPU-based shallow water code, developed by
the EDANYA Group (University of Malaga) and
extensively benchmarked for tsunami simula-
tions (Macias et al., 2017). For the numerical
simulation, a two-way nested mesh technique
(as in Macias et al., 2016) was used. The global
mesh that covers the computational domain has
a resolution of 15 arc sec (ca 450 m). Six nested
meshes, with an enhanced resolution of 0-9375
arc sec (ca 28 m) are used in the coastal strip to
improve the morphological resolution of the sea
floor and thus the spatial distribution of tsunami
wave height. Results at x32 resolution show
that a wave height of ca 2-:0 m would be gener-
ated in the studied area (Fig. 10). Applying the
proposed intensity scale of tsunami environmen-
tal effects (TEE-16 Scale; Lario et al., 2016), the
tsunami intensity observed in the study area
would be VI to VII (slightly damaging to damag-
ing) but this does not represent the maximum
intensity because the area is at a considerable
distance from the source.

DISCUSSION

Origin of the boulder ridges

Using different approaches, observations in the
current study demonstrated that in order to

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology



18 . Lario et al.

1-0

08| =__
P ———

Study area

106 | _——

Latitude (N)

104 |

0-2

Fig. 10. Model of a tsunami
generated by a Mw 7.6 earthquake
along MSFS showing spatial
distribution of predicted maximum
wave height. Left panel shows the
whole computational domain
(colour scale in metres saturated to
1 m) and the right panel shows

0 .
0-0 0-5

Longitude (W)

move the heaviest and largest boulders present
in the described ridges, storm waves must have
attained heights of between 8-0 m and 11-5 m.
As described previously, there are no historical
data of waves of this magnitude during recent
and intense hurricanes affecting the area. Data
show that during the last century (1900 to
2002) 12 tropical storms and 46 hurricanes
reached the Yucatdn Peninsula (UNYSIS Data
Base from Hurricanes; http://weather.unisys.
com/hurricanes). In addition, from 1851 to 2011
in Quintana Roo, seven hurricanes (scale 4 and
5) reached the coast (Thl & Frausto, 2014),
without any evidence of boulder transportation.
In support of this, the only geological evidence
for hurricane clast transport (supported by
eyewitnesses) consists of movements of reef
cobbles and pebbles that were able to overpass
the boulder ridge (such as in Chemuyil) or
became attached to the seaward side of the
boulder ridges. If 20th Century category 5
hurricanes have not been able to move reef
boulders, it seems plausible to assign a tsunami
origin to the extreme wave event that resulted
in the formation of the boulder ridges studied.
Medina-Elizalde et al. (2016) used other
proxy data (6'°0O-derived precipitation levels
recorded from a stalagmite in the Yucatdn
Peninsula) and found that regional palaeo-storm
records suggested that tropical storm activity
in the Yucatdn Peninsula was either similar to
or significantly lower than today during the
TCP (Terminal Classic Period; ap 750-950).

Maximum height (m)

L3 20 maximum wave height near to the

coast in the studied area.

Therefore, perhaps some of the ‘washover’
events identified in the literature of similar age
may not have been caused by hurricane events.

Furthermore, the height of a tsunami wave
required to move the heaviest and largest boul-
ders studied in these ridges would need to have
been between 2:0 m and 2-9 m. This height is
compatible with wave heights simulated by the
numerical model developed in this study.
Therefore, it is reasonable to propose a tsunami
generated by an earthquake (Mw > 7-6 offshore
in the eastern Caribbean sector of the MSFS) as
the extreme wave event that resulted in the for-
mation of the main ridge in this study. The
smaller ridge overlapping the main boulder
ridge was generated by Hurricane Wilma in
2005 (based on interviews from witnesses),
demonstrating that destructive hurricanes do
not have sufficient energy in this area to gener-
ate the larger boulder ridges. Some authors have
even suggested that coral boulder ridges and
single coral boulders may have a complex, long-
term history of transport, accumulation and
modification produced by multiple and inten-
sive storms (Morton et al., 2008; Etienne et al.,
2011; Scheffers et al., 2014; Rixhon et al., 2018).
Others propose a multi-step process during a
tsunami, where the process of entrainment,
transport and deposition is repeated two to
three times, thus building the groups but may
be interpreted as a single transport sequence
(Nandasena et al., 2011b; Spiske & Bahlburg,
2011).

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology


http://weather.unisys.com/hurricanes
http://weather.unisys.com/hurricanes

Evidence of a palaeotsunami, Mexico 19

Fig. 11. Evidence of palaeoseismicity in the Yucatdan Peninsula. (A) to (C) Correspond to archaeoseismological
features described by Rodriguez-Pascua et al. (2011) as primary effects that occur when the ground transmits seis-
mic waves to buildings. (A) and (B) Displaced walls at the Tulum archaeological site (main building height 12 m).
(C) Tilted walls in a structure at the Tulum archaeological site (column height 1-90 m); tilting occurs as a conse-
quence of horizontal ground movement which affects the wall foundations. (D) Reconstruction techniques as the
result of previous seismic activity producing intense ground shaking. This reconstruction is observed at Chichen
Itza archaeological site. In this case it consists of interlocked blocks, usually used as a reconstruction technique
after seismic damage, as has been observed in other areas of Mexico (Giner-Robles et al., 2012). (E) and (F) Effects
of palaeoseismicity present in submerged cave systems from Quintana Roo. (E) Tilted, collapses and orientated
speleothems in the Tajma Ha cenote. (F) Collapses and orientated speleothems in the Minotauro cenote.
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Tsunami age and palaeoseismic implications

Dating of wave-emplaced blocks and boulders is
still a challenge (Terry et al., 2013; Engel et al.,
2016; Rixhon et al., 2018). The main boulder
ridges seem to be associated with a single large
extreme wave event. However, it is challenging
to provide a definitive date for boulder emplace-
ment in the ridges without the presence of
Lithophaga sp. shells or other boring organisms
within the boulders, assuming that they were
living just prior to boulder removal from their
natural habitat. Shaw & Benson (2015) recorded
and dated peat deposits beneath the boulder
ridge in the Akumal area, thus pre-dating the
emplacement of the main boulder ridge. Carbon-
14 dating of the peat provided 2¢ calibrated ages
for two samples (1390 to 1567 and 1348 to
1613 cal yr Br), which are compatible with a tsu-
nami event dated to ca 500 to 800 ap, during the
late Classic period. In some locations within the
region, it is possible to observe Mayan buildings
constructed on top of, and therefore post-dating,
the boulder ridges. Examples can be found in
the Xcaret complex (Fig. 3) or at Punta Chile
(north Kantenah—south-west Xpu Ha; Fig. 6).
Despite the different phases of construction,
these remains are ‘Costa oriental’ (Eastern coast)
in style, meaning Post-Classic Mayan period,
between 900 to 1521 ap (Andrews & Andrews,
1975; Zuniga, 2016). This corroborates the
inferred date of the tsunami event as being
between 500 to 900 Ap. It is remarkable that there
is no evidence of settlements prior to the Post-
Classic period in this coastal area, and it may be
that any small settlements that did exist were
affected by and covered by the tsunami deposits.
This is also supported by Cox et al. (2008) who
found evidence of a large Mw > 7.0 earthquake
triggered in the MSFS in 900 ap, in uplifted coral
reef platforms. This event would have affected at
least the north coast of Honduras.

Regarding the possible storm origin of the
boulder ridges, the total absence of boulders on
top of the aforementioned Mayan remains is
noteworthy, especially when taking into consid-
eration that during the last century (1900 to
2002) almost 12 tropical storms and 46 hurri-
canes reached the Yucatan Peninsula (UNYSIS
Data Base from Hurricanes; http://weather.uni
sys.com/hurricanes). In Belize, McCloskey & Liu
(2013) found traces of an extreme erosional event
post ca 2000 yr cal Bp in sediments, which those
authors described as: “a transition layer that con-
tains sand and marine macrofossils, including a

large shell, indicating a seaward point of origin
for this large event, the most likely candidate is
an intense hurricane”. At a similar age in the
stratigraphic record that is coherent with coseis-
mic uplift “a sudden transition from deep water
to shallow wetlands” was found. The authors
hypothesized that a tsunami could be a possible
cause of these deposits, but eventually discarded
this hypothesis because this area is assumed as
being ‘tectonically stable’.

Confirmation of a likely tsunami event caused
by a Mw > 7-6 earthquake on MSFS implies that
even if a long recurrence interval exists, destruc-
tive tsunami episodes can reach the eastern
Yucatdn coast. Despite the belief that the area
has been tectonically stable since the late Pleis-
tocene this study presents additional evidence
of seismic activity during Mayan times. The
main evidence corresponds to archeoseismologi-
cal features, similar to those described in other
Mexican archaeological remains or elsewhere
(Giner-Robles et al., 2011, 2012; Rodriguez-Pas-
cua et al., 2011) and located in Mayan sites (for
example, tilted walls, ‘antiseismic’ fabric, etc.).
Other evidence of seismic events (Fig. 11) has
been found in submerged cave systems (tilted
speleothems, collapses and orientated spe-
leothems, etc.) as well as faults affecting the late
Pleistocene and Holocene reef deposits (eastern
Cozumel), that are still being investigated (Lario
et al., 2017).

CONCLUSIONS

A semi-continuous boulder ridge standing up to
5 m above sea-level has been recorded on the
eastern coast of the Yucatdn Peninsula and
Cozumel Island, generated by an extreme wave
event. The application of different approaches
demonstrated that waves of between 2.0 to
299 m (in the case of a tsunami origin) and
between 8-0 to 11-5 m (in the case of storm/hur-
ricane origin) would be required to produce dis-
lodgement, transport and accumulation of the
boulders in these ridges. All of the tropical
storms and hurricanes recorded during the last
100 years have not generated waves that reached
the coast with a wave height >4 m and there is
no evidence of boulder transport during these
events. Most of the possible tsunami source
areas located in the eastern Caribbean are not
capable of generating a tsunami that would
reach the Yucatan coast. However, as demon-
strated through model simulation in this study,
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the Motagua/Swan Island Fault System section
located in the south-west Caribbean basin can
generate a tsunami with waves of between 2-0 to
3-0 m height at the eastern Yucatan coast, result-
ing from a Mw > 7.6 earthquake. Therefore, a
tsunami origin seems the most reliable option to
generate the extreme wave event that deposited
the boulder ridge present in some sectors of the
western Quintana Roo coastline. This, and other
evidence presented here, demonstrates the
occurrence of seismic activity during late Pleis-
tocene and Holocene in the Eastern Yucatan
Peninsula and surrounding areas illustrating the
necessity to review all mitigation protocols in
this area related to seismic and tsunami hazards.
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