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ABSTRACT

The emerged sequences of coral reef and marine terraces of the Cuban Archipelago have been recognized since
the end of the 19th century but with noticeable exceptions, their bio-constructions and/or deposits are not dated.
The northern Caribbean islands and associated archipelagos are located in a left-lateral strike-slip tectonic
setting, at the boundary between the North America and Caribbean plates. Cuba is the only landmass located on
the American Plate directly adjacent to this transform fault zone. Quantifying upper Pleistocene coastal uplift is
thus key to elucidate the recent vertical deformation of the Caribbean geodynamic puzzle with regards to the
active tectonic segmentation of this area. We compiled bibliographic data and present new measurements
concerning the Cuban sequences of coral reef and marine terraces; maximum elevations, minimum number of
successive strandlines and elevation of the lowermost terrace. The Cuban Archipelago exhibits five main uplifting
coastal stretches separated by subsiding areas, with at least 23 emerged staircase sequences of coastal terraces. At
four sites, the lowest coral reef terrace has been previously correlated to the Last Interglacial Maximum (MIS 5e,
122 + 6 ka). At nine sites, we extended the morpho-stratigraphy to derive Upper Pleistocene apparent and
eustasy-corrected uplift rates. Alongshore Cuba, MIS 5e coastal terraces and associated shoreline angles occur at
elevations ranging from 7 m to 40 m, yielding eustasy-corrected uplift rates ranging from 0.06 + 0.01 mm.yr '
(NW Cuba) to 0.33 £ 0.01 mm.yr’1 (SE Cuba). More than 400 km northward of the transform fault, eustasy-
corrected uplift rates (0.13 mm.yr ) suggest that the whole Cuban Archipelago is affected by the North
America/Caribbean plate motion, with a partitioned compressive component resulting in block tectonics with
tilting controlled by regional faults.

1. Introduction

2019), in Curacao, Bonaire, Aruba (Alexander, 1961; Hippolyte and
Mann, 2011) and in Jamaica (e.g. Horsfield, 1975; Szabo, 1979; Mitchell

Sequences of marine and coral reef terraces, herein called coastal
terraces, are widespread indicators of Late Cenozoic coastal tectonics
and sea levels (e.g. Lyell, 1830; Darwin, 1842; Davis, 1915; Daly, 1925;
Berry et al., 1966; Broecker et al., 1968; Montaggioni and Braithwaite,
2009; Pedoja et al., 2011, 2014; Murray-Wallace and Woodroffe, 2014;
Hibbert et al., 2016). Within the Caribbean Sea, islands and archipelagos
exhibit emerged sequences of coastal terraces. Most studied are the
coastal landforms correlated to Marine Isotopic Stage 5e (MIS 5e, 122 +
6 ka); for instance in the West Indies (Feuillet et al., 2004; Léticée et al.,
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https://doi.org/10.1016/j.margeo.2021.106575

et al., 2000, 2001). The island of Barbados displays one of the most
studied sequence of coral reef and marine terraces (Mesolella, 1967;
Broecker et al., 1968; James et al., 1971; Schellmann and Radtke, 2004;
Schellmann et al., 2004) which constitutes a benchmark for sea level and
climate studies over the last 1 Ma (Murray-Wallace and Woodroffe,
2014). The Late Cenozoic sequences of coastal terraces of the two largest
Caribbean islands and archipelagos, Cuba and Hispaniola, have been
recognized since a long time (Crosby, 1883; Darwin, 1890; Agassiz,
1894; Spencer, 1895), and considered as an “ensemble” together with
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Barbados, Jamaica (Jones, 1918; Trechmann, 1933) and the Cayman
Islands (Matley, 1926; Brunt et al., 1973; Emery, 1981; Woodroffe et al.,
1983; Spencer, 1985; Coyne et al., 2007). The formation of such se-
quences is related to vertical deformation associated with the Great
Antillean/Northern Caribbean fault zone (Taber, 1922; Woodring, 1954),
at the boundary between the North American and Caribbean plates.
Recent studies including absolute dating are rather scarce, for example
for Haiti (Dumas et al., 2006; Hearty et al., 2007), for the Dominican
Republic (Diaz de Neira et al., 2015, 2017; Escuder-Viruete et al., 2020),
and for Cuba (Toscano et al., 1999; Pajon et al., 2006; De Waele et al.,
2017, 2018; Muhs et al., 2018; Schielein et al., 2020).

For the Cuban Archipelago, descriptions of the coastal landforms are
abundant and contain quantified geomorphic data (e.g. Vaughan and
Spencer, 1902; Meinzer, 1933; Massip, 1936; Marie-Victorin and Léon,
1956; Ducloz, 1963; Iturralde-Vinent, 1967, 1969a, 1969b, 1977, 1981,
1982, 1994, 2003; Kartashov and Mayo, 1974; Kartashov and Mayo,
1976; Kartashov et al., 1981; Shantzer et al., 1976; Penalver, 1982;
Penalver et al., 1982a, 1982b, 1997; Penalver et al., 1998; Franco, 1983;
Pushcharovski, 1988; Salomon, 1995; Cabrera and Penalver, 2001;
Perez-Aragon et al., 2001). Combining field observations with a syn-
thesis of previous literature, we describe the distribution of the Cuban
staircase sequences of coastal terraces and propose quantitative mor-
phometrics, such as their maximum elevations and the minimum num-
ber of successive terraces. Studies including U/Th (Toscano et al., 1999;
Pajon et al., 2006; De Waele et al., 2017, 2018; Muhs et al., 2018), ESR
(Schielein et al., 2020) or paleomagnetic dating (Pérez Lazo, 1986;
Penalver et al., 2003), all correlated the lowermost terrace (T1) to the
Last Interglacial Maximum (MIS 5e; 122 +/— 6 ka). In the following, we
assume this morpho-stratigraphy (T1 = MIS 5e) is correct for sequences
of coastal landforms including a single terrace or for sequences for which
we know the elevation of the lowermost terrace, although we specify the
cases in which this is directly confirmed by dating. Using five sea-level
curves, we derive 15 relative and absolute Upper Pleistocene uplift

-100°

30°
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rates at 13 sites. This approach allows us to discuss the coastal tectonics
of the Cuban archipelago located in the vicinity of the left-lateral
Transform Fault Zone between the North American and Caribbean
plates.

2. Settings
2.1. Geodynamics, geology, hydrodynamics

The Caribbean and Central American region contains two subduction
zones, the Lesser Antilles Trench to the East and the Central America
Trench to the West, connected through a large transform fault zone
(Mann and Burke, 1984; Fig. 1). The transform boundary between the
Caribbean plate and North American plate is partitioned into two major
active E-W left lateral strike-slip fault zones (Mann et al., 1991; Calais
and Mercier De Lépinay, 1995). These strike-slip fault zones, seismically
active, are located North and South of the Cayman Trough (Perrot et al.,
1997; Calais et al., 1992). They extend over ~2000 km and are named
the Oriente Transform Fault to the North and the Enriquillo-Plantain-
Garden Transform Fault to the South (Calais et al., 1998; Prentice
et al., 2010; Leroy et al., 2015). To the East, the two fault zones bound
the Gonave-Hispanolia microplate (Fig. 1), and accommodate the
strike-slip component of the oblique convergence between the Carib-
bean and North American plates at a rate of 19 mm-a ! (Symithe et al.,
2005; Calais et al., 2016; Fig. 1). The Gonave Hispaniola Block is also
affected by shortening, both due to the convergence obliquity of the
plate boundary associated with the Bahamas platform collision to the
North, and due to the Beata ridge indentation to the South (Mann et al.,
1990, Calais et al., 2016; Rojas-Agramonte et al., 2005; Corbeau et al.,
2019). South of Cuba Island (Figs.1, 2, 3, 4), the Oriente Transform Fault
includes various segments with transtensive and transpressive relay
zones and parallel offshore thrusts named the Santiago Deformed Belt
(Calais and Mercier De Lépinay, 1995; Leroy et al., 2015; Corbeau et al.,
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Fig. 1. The Caribbean geodynamical puzzle. MIS 5e data is from Pedoja et al. (2011, 2014), geodynamics and tectonics redrawn from Symithe et al. (2005) and

Wessels et al. (2019).
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2016; Wessels et al., 2019).

The Cuban archipelago includes a main island and more than 4000
associated islands, islets and cayos, all located on a continental platform
(Fig. 2). The island belongs to the Great Arc of the Caribbean, which
initially formed by subduction along an inter-American Transform Fault
at ~135 Ma, during Cretaceous times (Burke, 1988; Pindell et al., 2012;
Hastie et al., 2013). During the late Upper Cretaceous, this arc became
inactive, collided with the Bahamas carbonate platform and subse-
quently fragmented to form the Greater Antilles islands (Mann et al.,
1995; Cruz-Orosa et al., 2012; Leroy et al., 2000). In Cuba, the
Paleocene-Eocene collision between the island arc of the Caribbean
plate and Bahamas platform of the North American plate resulted in an
ENE-WSW and NW-SE trending orogenic belt (Gordon et al., 1997). This
orogenic belt is associated with synorogenic basins and ENE-WSW-
trending regional normal and strike-slip faults (Pinar Fault, Trocha
Fault, Cauto-Nipe Fault, on Fig. 4) that bound several tectonics blocks
and accommodate a part of the westward offshore NW-SE-trending and
then NE-SW-trending Yucatan basin opening (Leroy et al., 2000; Pindell
et al., 2005; Cruz-Orosa et al., 2012). During the arc/platform collision,

the obliquity of the North American/Caribbean plate convergence
increased (Gordon et al., 1997; Cruz-Orosa et al., 2012). Since Oligocene
time, plate motion is mainly accommodated along the Oriente Trans-
form Fault, South of Cuba Island (Iturralde-Vinent, 1996; Pindell et al.,
2005; Rodriguez-Cotilla, 2014; Calais et al., 2016; Alvarez et al., 2017).
A vertical motion component along this fault is revealed by pervasive
uplifting coastal stretches (Penalver et al., 2003) and associated se-
quences of fossil shorelines studied herein (Figs. 2, 3, 4, 5).

The Cuban archipelago is located in a semi-diurnal, micro-tidal area,
with tidal ranges from 0.4 to 0. 8 m. Ground swell, mostly coming from
the Atlantic Ocean, is consistent only in winter and the wave-height
rarely exceeds two meters as the swell is dampened by the Bahamas
platform (Colas and Sutherland, 2001). The South part of Cuba Main
Island is occasionally subjected to the Antarctic groundswell and
affected by hurricanes (Colas and Sutherland, 2001).

2.2. Previous studies of the Cuban coastal terraces

The first mention of the emerged sequences of coastal terraces of
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Fig. 5. The lowermost coastal terrace (T1) near Imias A) General view of the composite landform B) Zoom on the distal edge of the coastal terrace. The coastal
terrace consist of a reefal limestone unit (Jamainitas Fm.) uncoformably overlain by regressive clastic conglomerates (Cabanas Fm.). C) Comparison of the Indo-
Pacific and Caribbean Holocene sea-levels and influence on the processes resulting in coastal terraces formation.

Cuba seems to have been by Crosby (1883), who described emerged
fossil reefs near La Habana (NE) and Baracoa (SE; Figs. 2, 3, 4). At the
latter site, he described coral limestone up to ~243 m in elevation. By
analogy with Jamaica, he proposed that emerged reefs could be present
up to ~610 m. Crosby (1883) proposed a ‘general’ sequence of coastal
terraces including four successive reefs with the lowest one found at ~9
m at various sites on the island and the upper one at ~243 m at the

mouth of the Rio Yumuri, near Baracoa (Fig. 2; Table 1). Darwin (1890)
discussed the possible origin of the South Cuban and Haitian sequences
of coastal terraces. Agassiz (1894) sketched some South Cuban se-
quences. Then Hill (1894, 1895) proposed correlation of some elevated
reefs across the Island. Spencer (1895) described coastal uplift at Mat-
anzas. Vaughan and Spencer (1902) reported coastal terraces near La
Habana - Matanzas, Cabo Cruz, and Punta de Maisi (Table 1). Based on
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Table 1

The coastal sequences of the Cuba Archipelago.
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Zone

n°

sequence name

Minimum maximum
n° level elevation
sequence

Maximum
elevation
T1

MoE

Dating

Morpho-
stratigraphy

Reference

—

I

11T

v

VI

VI

VIII

IX

Cabo Cruz

West Santiago

East Santiago /
Siboney/ San
Antonio del Sur

Guantanamo Bay

Imias

Maisi

Yumuri

Baracoa

Banes

Ciego de Avila SE

13 263

3 > 40

24 560

15

15 to 40

15

10

15 U/Th dating of
corals colonies

paleomagnetism

inferred

inferred

T1 = MIS 5e

T1 = MIS 5e T2
=MIS 7
Summit
sequence 3 Ma

T1 = MIS 5e

T1 = MIS 5e

Crosby, 1883; Agassiz, 1894;
Vaughan and Spencer, 1902; Taber,
1931; Massip, 1936; Marie-Victorin
and Léon, 1956; Gutiérrez-Domech
and Duarte-Barrientos, 2001;
Cabrera and Penalver, 2003;
Penalver et al., 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Crosby, 1883; Agassiz, 1894;
Vaughan and Spencer, 1902; Taber,
1931; Massip, 1936; Guttierez-
Domech and Barrientos-Duarte,
2001; Cabrera and Penalver, 2003;
Cabrera and Penalver, 2003;
Penalver et al., 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Crosby, 1883; Agassiz, 1894;
Vaughan and Spencer, 1902;
Vaughan, 1914; Massip, 1936;
Guttierez-Domech and Barrientos-
Duarte, 2001; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Pérez et al.,
2011; Cabrera et al., 2011

Taber, 1922; Darton, 1926;
Meinzer, 1933; Massip, 1936;
Guttierez-Domech and Barrientos-
Duarte, 2001; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011; Mubhs et al., 2018

Crosby, 1883; Agassiz, 1894; Taber,
1922; Meinzer, 1933; Woodring,
1954; Massip, 1936; Guttierez-
Domech and Barrientos-Duarte,
2001; Nunez, 2001; Penalver et al.,
2003; Molerio-Leon, 2005; Cabrera,
2011; Cabrera et al., 2011

Crosby, 1883; Agassiz, 1894;
Vaughan and Spencer, 1902;
Vaughan, 1914; Taber, 1922;
Massip, 1936; del Busto Alvarez,
1975; Pérez Lazo, 1986; Salomon,
1995;Guttierez-Domech and
Barrientos-Duarte, 2001; Cabrera
and Penalver, 2003; (Penalver et al.,
2001), Penalver et al., 2003;
Molerio-Leon, 2005; Cabrera, 2011;
Cabrera et al., 2011

Crosby, 1883; Massip, 1936;
Guttierez-Domech and Barrientos-
Duarte, 2001; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Crosby, 1883; Massip, 1936;
Salomon, 1995; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Dominguez-Gonzalez et al.,
2007; Cabrera et al., 2011
Guttierez-Domech and Barrientos-
Duarte, 2001; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Guttierez-Domech and Barrientos-
Duarte, 2001; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

(continued on next page)
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Zone n° sequence name

Minimum
n° level

maximum
elevation
sequence

Maximum
elevation
T1

MoE

Dating

Morpho-
stratigraphy

Reference

Ciego de Avila
Cayos

2 X1 Ciego de Avila NE

2 XIII

Cayo Santa Maria

Varadero —
Carbonera

Matanzas

3 XV

=

Santa Cruz del
Norte

3 XVII La Habana

3 XVIII  Mariel- Harlem —

Bahia Honda

Peninsula de
Guanahacabibes /
Cabo Corrientes

5 XXII Playa Larga

Isla de la Juventud

1

8

10

12

19

100

23

26

20

10

15

8

10

12

19

16

10

15

inferred

inferred

inferred

inferred

XX U/Th speleothem
in sea-cave and 3 U/
Th dating of fossil
coral

inferred

1 U/Th on coral

inferred

inferred

T1 = MIS 5e

T1 = MIS 5e

T1 = MIS 5e

T1 = MIS 5e

T1 = MIS 5e

T1 = MIS 5e

T1 = MIS 5e

T1 = MIS 5e

T1 = MIS 5e

Guttierez-Domech and Barrientos-
Duarte, 2001; Molerio-Leon, 2005;
Cabrera et al., 2011
Guttierez-Domech and Barrientos-
Duarte, 2001; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Guttierez-Domech and Barrientos-
Duarte, 2001; Cabrera and
Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Massip, 1936; Zenkovichy and
Ionin, 1969, Perez-Aragon et al.,
2001; Guttierez-Domech and
Barrientos-Duarte, 2001; Cabrera
and Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Vaughan and Spencer, 1902;
Richards, 1935; Massip, 1936;
Zenkovichy and Ionin, 1969;
Shakun et al., 2015, Shantzer et al.,
1976; Glushankova et al., 1980;
Toscano et al., 1999; Budd, 2000;
Gutiérrez-Domech and
Duarte-Barrientos, 2001;
Perez-Aragon et al., 2001; Cabrera
and Penalver, 2003; Pérez et al.,
2003; Pérez et al., 2008; Cabrera,
2011; Cabrera et al., 2011;
Molerio-Léon, 2017a, 2017b
Zenkovichy and Ionin, 1969;
Shanzer et al., 1975, Shantzer et al.,
1976; Toscano et al., 1999;
Gutiérrez-Domech and
Duarte-Barrientos, 2001;
Perez-Aragon et al., 2001; Cabrera
and Penalver, 2003; Pérez et al.,
2008; Cabrera, 2011; Cabrera et al.,
2011

Zenkovichy and Ionin, 1969;
Shanzer et al., 1975, Shantzer et al.,
1976; Naprstek, 1978;
Gutiérrez-Domech and
Duarte-Barrientos, 2001;
Perez-Aragon et al., 2001; Cabrera
and Penalver, 2003; Molerio-Leon,
2005; Perera and Rojas, 2005; Pérez
et al., 2008; Cabrera et al., 2011;
Rojas et al., 2017

Zenkovich and Ionin, 1969, Perez-
Aragon et al., 2001; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

Massip, 1936; Zenkovichy and
Tonin, 1969; Gutiérrez-Domech and
Duarte-Barrientos, 2001; Pérez

et al., 2003; Molerio-Leon, 2005;
Pajon et al., 2006; Pérez et al., 2008;
Cabrera, 2011; Cabrera et al., 2011;
Diaz-Guanche et al., 2014)
Jennings, 1913; Zenkovichy and
Ionin, 1969; Glushankova et al.,
1980; Gutiérrez-Domech and
Duarte-Barrientos, 2001;
Molerio-Leon, 2005; Pérez et al.,
2008; Cabrera, 2011; Cabrera et al.,
2011

Zenkovichy and Ionin, 1969;
Gutiérrez-Domech and
Duarte-Barrientos, 2001; Cabrera
and Penalver, 2003; Molerio-Leon,

(continued on next page)
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Zone n° sequence name Minimum maximum Maximum MoE Dating Morpho- Reference
n° level elevation elevation stratigraphy
sequence T1

2005; Cabrera, 2011; Cabrera et al.,
2011

5 XXIL Playa Gijon 2? 19 - - - Zenkovichy and Ionin, 1969;
Gutiérrez-Domech and
Duarte-Barrientos, 2001; Cabrera
and Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

5 XXIII  Cienfuego 3 78 - - - Zenkovichy and Ionin, 1969;

Gutiérrez-Domech and
Duarte-Barrientos, 2001; Cabrera
and Penalver, 2003; Molerio-Leon,
2005; Cabrera, 2011; Cabrera et al.,
2011

paleontological evidence, Vaughan and Spencer (1902) proposed an
Oligocene age for the upper reefal terraces at Punta de Maisi and noted
that the fossil coral colonies from the lowermost terrace are similar to
the one found in modern reefs. Jennings (1913) briefly described the
emerged reef at Isle of Pines (now renamed Isla de la Juventud, Fig. 2,
Table 1). Vaughan (1914) compared the modern and emerged reefs of
Florida with some Cuban sites. The Cabo Cruz sequence, at the SW tip of
Cuba Island (Figs. 2, 3, 4), was interpreted by Taber (1931) as evidence
for the protracted uplift of the Sierra Maestra. Later, the Punta de Maisi
(Figs. 2, 3, 4, Table 1), at the SE tip of Cuba Island raised, again,
attention and was considered as Plio-Pleistocene (Woodring, 1954). The
post 1960 literature concerning the Cuban sequences of coastal terraces
consisted mainly of geomorphic studies (e.g. Ducloz, 1963; Iturralde--
Vinent, 1967, 1969a, 1969b, 1977, 1981, 1982, 1994, 2003, 2013;
Franco, 1983; Kartashov and Mayo, 1974; Kartashov and Mayo, 1976;
Kartashov et al., 1981; Shantzer et al., 1976; Penalver et al., 1982a,
1982b; Penalver, 1982; Penalver et al., 1997, 1998; Pushcharovski,
1988; Cabrera and Penalver, 2001; Perez-Aragon et al., 2001), or
focused on specific landforms such as karstified notches (Molerio-Leon,
2005) or on archaeology (Pajon et al., 2006).

Geogically speaking, the reefal bioconstructions of the lowermost
terrace (T1) are grouped into the Late Pleistocene Jaimanitas Formation
(Naprstek, 1978; Salomon, 1995; Toscano et al., 1999; Pajon et al.,
2006; see map in Muhs et al., 2018). Regressive, coastal clastic deposits
overlying the bioconstructions are defined as the La Cabana Formation
(Penalver et al., 2003). The Jamainitas Formation consists of shallow
marine, lagoonal, and reef carbonates (Cabrera and Penalver, 2001,
2003; Perera and Rojas, 2005; Toscano et al., 1999; Penalver et al.,
2003). The Jaimanitas Formation is widely present along the coast of the
Cuba Island and constitutes the foundation for the cities of La Habana
and Santiago de Cuba (Figs. 2, 3, 4). The first attempts at absolute dating
of the deposits and bioconstructions from the lower T1 coastal terrace, i.
e. the Jamainitas Formation, started during the late-70s with H4c dating,
which yielded results beyond the limit of the method (Naprstek, 1978;
Glushankova et al., 1980). Paleomagnetic dating on the Jaimanitas
formation as well as on higher and older terraces has been carried out at
Punta de Maisi (Pérez Lazo, 1986; Penalver et al., 2003) and yielded
normal polarities compatible with the correlation of the MIS 5 and MIS 7
highstands with the two lowermost coastal terraces. Older terraces have
been dated at 0.8 to 3 Ma (Pérez Lazo, 1986; Penalver et al., 2003). Coral
colonies of the Jamainitas Fm. from coral reef terraces were U/Th dated
and correlated to the last interglacial maximum at Matanzas (Toscano
etal., 1999) as well as on the NW tip of the Island (Pajon et al., 2006). In
NE Cuba, at Matanzas, the Jamainitas Fm (T1) was, again, dated by U/
Th and ESR and correlated to MIS 5e in studies of karst systems (De
Waele et al., 2017, 2018; Schielein et al., 2020). Finally, in SE Cuba, to
the South of the 116 km? Guantanamo American Naval Base, fossil coral-
colonies forming the bio-constructed part of the lowest coastal terrace, i.

e. the Jamainitas Fm., were massively sampled and U/Th dated (> 50
samples). Thirteen dates were considered as reliable and correlated T1
to the last interglacial maximum (MIS 5e; see Table 1 in Muhs et al.,
2018).

3. Methods
3.1. Emerged sequences of tropical coastal terraces and uplift estimates

Coastal terraces such as marine, sedimentary, and coral reef terraces
forming emerged sequences are stacked fingerprints of the course of sea-
level changes on rising coastal realms (Guilcher, 1969; Mesolella et al.,
1969; Lajoie, 1986; Pedoja et al., 2011, 2014; Murray-Wallace and
Woodroffe, 2014; Rovere et al., 2016). These terraces are, to the first
order, associated with Quaternary interglacial sea-level high-stands
(Murray-Wallace and Woodroffe, 2014). The shoreline angle is defined
as the break of slope between the rockyshore platform or the reef flat and
the fossil sea-cliff associated with the terrace (e.g. Lajoie, 1986; Jara-
Munoz et al., 2019), and usually provides a good estimate for the po-
sition of the sea level when the terrace was formed (Bull, 1985; Speed
and Cheng, 2004).

In tropical environments, coral reef crests and reef flats are not al-
ways present alongshore. Some stretches are carved into notches and
shore platforms, whereas others include beaches, estuaries and/or
mangroves. When present, coral reefs display a variety of morphologies
that record the interplay between sea level oscillations and vertical land
motion (e.g. Montaggioni and Braithwaite, 2009; Husson et al., 2018;
Pastier et al., 2019). Modern and ancient coastal records usually exhibit
alongshore variations of erosional landforms, deposits and bio-
constructions (Speed and Cheng, 2004; Pedoja et al., 2018). The
lowest Cuban coastal terrace T1 perfectly illustrates the interplay be-
tween constructional, erosional and depositional processes (Crosby,
1883; Agassiz, 1894; Iturralde-Vinent, 2013). The coastal terrace
(Fig. 5) comprises an upgrading fossil reefal unit, the Jamainitas Fm.
which is frequently truncated by an erosive surface and overlain by the
regressive shingle or sandy beach deposits of the La Cabana Fm.
(Penalver et al., 2003; Muhs et al., 2018). Such composite landforms are
also described at la Désirade (Léticée et al., 2019) and Haiti (Jones,
1918; Woodring, 1954).

We mapped the Cuban sequences of coral reef and marine terraces
based on our field observations complemented by the analysis of liter-
ature and maps. We measured the elevations of the fossil shoreline an-
gles from topographic maps and/or by the use of various barometrical
altimeters. Besides instrumental errors, we assigned a margin of error to
all field measurements. The natural rugosity of the landforms is the main
source of error; far beyond instrumental errors. The roughness of the
landforms increases with elevation and age. For low-standing landforms,
the margin of error is set to +1 m whereas for upper strandlines it
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Apparent and eustasy-corrected corrected uplift rates of the Cuban Archipelago. All the rates and associated errors are in mm.yr ' or m.ka"'. The estimates vary in

function of the eustatic range yielded by various methods.

N° Area Sequence Site name Reference

n°

Terrace Chrono- Dating
stratigraphy  method

Elevation Age MIS Apparent Eustatic Corrected uplift
strandline uplift correction rate Murray-Wallace
/ rates Murray- and Woodroffe
landform Wallace (2014)

and

Woodroffe

(2014)

Es MoE age MoE U U U MoE e MoE U Umin U MoE

max min mean max mean
11 v Guantanamo T1 MIS 5e U/Th on coral Mubhs et al., 2018 15 1 122 6 0.14 0.11 0.12 0.02 6 4 0.12 0.03 0.08 0.04
light house
2 1 v Guatanamo bay T1 MIS 5e U/Th on coral Muhs et al., 2018 10.8 1 122 6 0.1 0.08 0.09 0.01 6 4 0.08 0 0.04 0.04
3 1 VI Peninsula Maisi T1 MIS 5e paleomagnetism Pérez Lazo, 1986; 15 1 122 6 0.14 0.11 0.12 0.01 6 4 0.12 0.03 0.08 0.04
Penalver et al., 2001;
Penalver et al., 2003
4 1 VI Peninsula Maisi T1 MIS 5e paleomagnetism Pérez Lazo, 1986; 40 1 122 6 0.35 0.3 0.33 0.01 6 4 0.34 0.23 0.28 0.05
Penalver et al., 2001;
Penalver et al., 2003
5 2 X Banes T1 MIS 5e inferred This study 15 1 122 6 0.14 0.11 0.12 0.02 6 4 0.12 0.03 0.08 0.04
6 2 X Ciego de Avila T1 MIS 5e inferred This study 10 1 122 6 0.09 0.07 0.08 0.01 6 4 0.08 —0.01 0.03 0.04
SE
7 2 XI Ciego de Avila T1 MIS 5e inferred This study 8 1 122 6 0.08 0.05 0.07 0.02 6 4 0.06 —0.02 0.02 0.04
Cayos
8 2 XII Ciego de Avila T1 MIS 5e inferred This study 10 1 122 6 0.09 0.07 0.08 0.01 6 4 0.08 —0.01 0.03 0.04
NE
9 2 XIIT Cayo Santa T1 MIS 5e inferred This study 12 1 122 6 0.11 0.09 0.1 0.01 6 4 0.09 0.01 0.05 0.04
Maria
10 3 XIv Varadero — T1 MIS 5e inferred This study 19 1 122 6 0.17 0.14 0.16 0.02 6 4 0.16 0.06 0.11 0.05
Carbonera
11 3 XV Matanzas T1 MIS 5e U/Th on De Waele et al., 2017; 16 1 122 6 0.15 0.12 0.13 0.02 6 4 0.13 0.04 0.08 0.05
speleothem De Waele et al., 2018
12 3 XVIII Mariel- Harlem T1 MIS 5e inferred This study 7 1 122 6 0.07 0.05 0.06 0.01 6 4 0.05 —0.03 0.01 0.04
13 4 XIX Cabo Corrientes T1 MIS 5e U/Th on coral Pajon et al., 2006 7 1 122 6 0.07 0.05 0.06 0.01 6 4 0.05 —0.03 0.01 0.04
14 4 XX Isla de la T1 MIS 5e inferred This study 10 1 122 6 0.09 0.07 0.08 0.01 6 4 0.08 —0.01 0.03 0.04
Juventud
15 5 XXI Camilo T1 MIS 5e inferred This study 15 1 122 6 0.14 0.11 0.12 0.02 6 4 0.12 0.03 0.08 0.04
Cienfuego

Es elevation strandline. Age MIS: age of the marine isotopic stage. e: eustatic correction. U max:maximal uplift rate. U min: minimal uplift rate. U mean: mean uplift

rate.

reaches +10 m because of increased erosion and karstification with age
and elevation, as observed in the field.

3.2. Pleistocene sea-level curves, uplift rates, Holocene relative sea-level

Taking into account previous dating, we derive Upper Pleistocene
uplift rates (Table 2) based on the elevation of the coastal terraces
allocated to the Last Interglacial Maximum, MIS 5e (122 + 6 ka).
Eustasy-corrected or absolute uplift rates are given by dividing the dif-
ference between the present elevation of the shoreline angle and the
eustatic sea-level at its formation time by the age of the terrace (Lajoie,
1986).

Apparent (or relative) uplift rates neglect any priori eustatic correc-
tion (as in Pedoja et al., 2011, 2014, 2018; Yildirim et al., 2013;
Authemayou et al., 2016). Correcting for eustasy requires some knowl-
edge of the absolute sea level at the time of construction of the marine
terrace. Many sea-level curves have been derived from the oxygen iso-
topic records (Shackleton, 1987; Waelbroeck et al., 2002; Lisiecki and
Raymo, 2005; Bintanja and Van de Wal, 2008; Zachos et al., 2008;
Rohling et al., 2009, see de Gelder et al., 2020 for details on these
curves), but also from -or combined to- the geomorphologic record
(Siddal et al., 2006; Murray-Wallace and Woodroffe, 2014). These sea-
level curves frequently present discrepancies in the ages and elevation
of MIS highstands (Table 2; see Caputo, 2007; Murray-Wallace and
Woodroffe, 2014; de Gelder et al., 2020), but there is a relative
consensus on the succession of the most recent high-stands. The most
common high-stands in the geomorphological record are those related
the last interglacial period, MIS 5 (Johnson and Libbey, 1997; Stirling

et al., 1998; Pedoja et al., 2011; Murray-Wallace and Woodroffe, 2014),
which includes three relative high-stands, MIS 5a (85 + 5 ka), MIS 5c¢
(105 + 5 ka) and MIS 5e (128 ka to 116 ka). The MIS 5e highstand
corresponds to the last interglacial maximum; it displays one to three
coastal terraces in nearly all the studied sequences worldwide and
constitutes a common benchmark (Pedoja et al., 2011, 2014; Murray-
Wallace and Woodroffe, 2014).

In order to account for the variability of sea-level curves, we
analyzed the sequences of the Cuban Archipelago considering a recent
compilation of geomorphic indicators (Murray-Wallace and Woodroffe,
2014) but also five eustatic curves (Table 2, Waelbroeck et al., 2002;
Bintanja and Van de Wal, 2008; Grant et al., 2014; Shakun et al., 2015;
Spratt and Lisiecki, 2016). Murray-Wallace and Woodroffe (2014)
consider that MIS 5e, MIS 7, MIS 9, and MIS 11 highstands were
respectively at 6 =+ 4 m, -8 + 12 m, 3 + 2 m, and 9.5 + 3.5 m with
respect to present-day sea level (Table 2). The five sea-level curves (see
Table 2 for more details) were selected to encompass five different
reconstruction methods, to cover the time-range of interest and to have
quantified uncertainties (Waelbroeck et al., 2002; Bintanja and Van de
Wal, 2008; Grant et al., 2014; Shakun et al., 2015; Spratt and Lisiecki,
2016). These different estimates of past sea levels convert into different
estimates of uplift rates (e.g. de Gelder et al., 2020).

Contrarily, to the Indo-Pacific, the Caribbean has no mid-Holocene
highstand (Fig. 5C) as evidenced by the documented monotonic rise in
Holocene sea level and explained by Glacial Isostatic Adjustment models
(Fairbridge, 1961; Clark et al., 1978; Khan et al., 2017).
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Eustatic Corrected Uplift rate Eustatic ~ Corrected Uplift Eustatic ~ Corrected Uplift Eustatic ~ Corrected Uplift Eustatic Corrected Uplift
correction ~ Waelbroeck et al. correction rate Bintanja and correction rate Grant et al. correction rate Shakun et al. correction rate Spratt and
Waelbroeck (2002) Bintanja Van der Wal Grant (2014) Shakun (2015) Spratt and Lisiecki (2016)

et al. (2002) and Van (2008) et al. et al. Lisiecki

der Wal (2014) (2015) (2016)
(2008)
e MoE U Umin U MoE e MoE U Umin U MoE e MoE U Umin U MoE e MoE U U U MoE e Moe MoE U  Umin U MoE
max mean max mean max mean max min mean +) (=) max mean

6 13 0.2 -0.04 0.08 0.12 0 8 0.21 0.05 0.13 0.08 5 14 0.22 -0.04 0.09 0.13 —10 10 0.31 0.11 0.21 0.1 312 20 0.22 —0.07 0.07 0.14
6 13 0.16 —0.07 0.05 0.12 0 8 0.17 0.01 0.09 0.08 5 14 0.18 —0.07 0.05 0.13 —10 10 0.27 0.08 0.18 0.1 312 20 0.18 —0.1 0.04 0.14
6 13 0.2 -0.04 0.08 0.12 0 8 0.21 0.05 0.13 0.08 5 14 0.22 —-0.04 0.09 0.13 -10 10 0.31 0.11 0.21 0.1 312 20 0.22 —-0.07 0.07 0.14
6 13 0.41 0.16 0.29 0.13 0 8 0.42 0.24 0.33 0.09 5 14 0.43 0.16 0.29 0.14 -10 10 0.53 0.3 0.42 0.11 3 12 20 0.43 0.13 0.28 0.15
6 13 0.2 -0.04 0.08 0.12 0 8 0.21 0.05 0.13 0.08 5 14 0.22 -0.04 0.09 0.13 —10 10 0.31 0.11 0.21 0.1 312 20 0.22 —-0.07 0.07 0.14
6 13 0.16 —0.08 0.04 0.12 0 8 0.16 0.01 0.09 0.08 5 14 0.17 —0.08 0.05 0.13 —10 10 0.27 0.07 0.17 0.1 312 20 0.17 —0.11 0.03 0.14
6 13 0.14 —-0.09 0.02 0.12 0 8 0.15 —-0.01 0.07 0.08 5 14 0.16 —0.09 0.03 0.12 —-10 10 0.25 0.05 0.15 0.1 312 20 0.16 —0.13 0.02 0.14
6 13 0.16 —0.08 0.04 0.12 0 8 0.16 0.01 0.09 0.08 5 14 0.17 -0.08 0.05 0.13 —10 10 0.27 0.07 0.17 0.1 312 20 0.17 —0.11 0.03 0.14
6 13 0.17 —0.06 0.05 0.12 0 8 0.18 0.02 0.1 0.08 5 14 0.19 -0.06 0.06 0.13 —10 10 0.28 0.09 0.19 0.1 312 20 0.19 —-0.09 0.05 0.14
6 13 0.23 -0.01 0.11 0.12 0 8 0.24 0.08 0.16 0.08 5 14 0.25 —-0.01 0.12 0.13 -10 10 0.34 0.14 0.24 0.1 413 21 0.25 —-0.05 0.1  0.15
6 13 0.21 —-0.03 0.09 0.12 0 8 0.22 0.05 0.14 0.08 5 14 0.22 -0.03 0.1 0.13 -10 10 0.32 0.12 0.22 0.1 312 20 0.22 —0.06 0.08 0.14
6 13 0.13 -0.1 0.01 0.12 0 8 0.14 —0.02 0.06 0.08 5 14 0.15 —-0.1 0.02 0.12 —-10 10 0.24 0.05 0.14 0.1 312 20 0.15 —0.13 0.01 0.14
7 13 0.12 -0.11 0.01 0.12 0 8 0.14 —0.02 0.06 0.08 5 14 0.15 -0.1 0.02 0.12 -10 10 0.24 0.05 0.14 0.1 312 20 0.15 —0.13 0.01 0.14
6 13 0.16 —0.08 0.04 0.12 0 8 0.16 0.01 0.09 0.08 5 14 0.17 -0.08 0.05 0.13 —10 10 0.27 0.07 0.17 0.1 312 20 0.17 —-0.11 0.03 0.14
6 13 0.2 -0.04 0.08 0.12 0 8 0.21 0.05 0.13 0.08 5 14 0.22 —0.04 0.09 0.13 -10 10 0.31 0.11 0.21 0.1 312 20 0.22 —-0.07 0.07 0.14

4. The Cuban sequences of coastal terraces n°lV, Table 1 and Section 2.2). Nevertheless, all along South Cuba, the

shoreline angle of the lowermost coastal terrace, that we infer to relate

The Cuban archipelago and continental platform (Figs. 2, 3, 4, 5)
exhibit five main areas of emerged coastal terrace sequences (Table 1).
These uplifting coastal stretches are separated by subsiding areas
(Iturralde-Vinent, 2013; Fig. 5). In total, we collected quantitative data
for 23 sequences (Fig. 3, Table 1) that generally correspond to staircase
coastal landscapes including up to four successive strandlines.’ The most
complete sequences, in terms of successive fossil shorelines, are pre-
served on the SE and SW tips of Cuba Island (sequences I and V, VI, VII
Table 1 Figs. 3, 4). Submerged sequences of terraces are mentioned to
the N and SE of the Cuban Archipelago (Fig. 5).

The uplifting coastal stretch n°1 (sequences I to VIII, Table 1, Figs. 3,
4) corresponds to the whole southern coast of Cuba Island, from Nibujon
(Baracoa district) in the East, to Cabo Cruz in the West. Along this ~500
km long coastal stretch, we identified eight sequences. In agreement
with previous observations (e.g. Pérez et al., 2011), we observed that the
lowest coastal terrace (T1) is almost continuous over 350 km, from
Santiago de Cuba to Baracoa (Figs. 2, 3, 4). Between West Santiago de
Cuba and East Cabo Cruz (Fig. 2), the coast is characterized by plunging
sea-cliffs and no sequences of coral reef and marine terraces are present
(Cabrera and Penalver, 2003; Iturralde-Vinent, 2013). At the Guanta-
namo USA naval base, coral colonies from the lowermost terrace were
previously U/Th dated and correlated to the last Interglacial (sequence

1 https://youtu.be/cBRfgm9c-pl

to MIS 5e, is emplaced at elevations that still have to be determined
more accurately, and needs to be dated to confirm this inference (Muhs
etal., 2018). The SW and SE tips of Cuba Island, Cabo Cruz and Punta de
Maisi respectively, exhibit well-preserved sequences of marine and coral
reef terraces (Fig. 6). To the SW, the Cabo Cruz sequence (sequence I,
Table 1, Figs. 3, 4) reaches 263 + 10 m and includes 13 coastal terraces
and an unknown number of associated notches. Cabo Cruz is referred to
as a major natural site for world heritage by UNESCO? but the bio-
constructions associated to the successive terraces of this impressive
sequence™” are not yet dated. On Punta de Maisi (sequence VI, Table 1,
Figs. 3, 4, 6), the sequence reaches a maximum elevation of 560 + 10 m,
includes 24 coastal terraces and an unknown number of associated
notches. There, the two lowermost coastal terraces are raised at eleva-
tions ranging from 15 to 40 m for T1 and from 25 to 60 m for T2 and
have been correlated to MIS 5 and MIS 7 highstands in paleomagnetic
studies (Section 2.2.). Here, we assign the lowest terrace T1 to MIS 5e,
akin to other Cuban coastal sites, and also because it yields the lowest, or
minimum uplift rates for the last interglacial as the last interglacial
maximum is the oldest highstand of this MIS with the highest eustatic
sea-level. At other sites of the Cuban South shore, such as Siboney and

2 https://whc.unesco.org/en/list/889/
% https://youtu.be/719mK8a_bI8
* https://youtu.be/vW_zErZWMDc
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Fig. 6. The coastal sequences between Imias and Baracoa, Oriente, Cuba. A) Toponymy B) Sequences distribution C) The Punta Caleta sequence D) The lowest
coastal terrace at Jauco E), F) Incised sequence G) The Punta Caleta sequence H) The Punta de Maisi sequence as seen from the lighthouse I) The East Baracoa
sequence. J) The lower terrace at Baracoa. CRT coral reef terrace, Pta Punta, Sequ. Coastal sequence.
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Juragua, the sequences include 3 to 4 successive shorelines™®’
(sequence II, III, V Table 1, Figs. 3, 4). The uplifting southern shore of
Cuba (area 1) is delimited to the North by the subsiding Guacanoyabo-
Nipe tectonic corridor (Fig. 4).

The uplifting coastal stretch n°2 (sequences IX to XII Table 1, Figs. 3,
4) is ~420 km long and includes the rocky islets (cayos) of the Sabana -
Camaguey Archipelago (Fig. 2) as well as a part of the NW-SE trending
shore of the NE side of Cuba island (sequence XII, Table 1, Figs. 3, 4). In
this area, a single terrace has its shoreline angle raised at elevations
ranging from 8 + 1 m to 15 + 1 m (Table 1, Fig. 3). Northwards, the
uplifting coastal stretch ends on the Caibarién Fault, which separates it
from the second subsiding area. Northwards, this subsiding area is
limited by another major fault: the NS trending Cochinos - Cardenas
Fault which also affects the fifth area exhibiting emerged coastal se-
quences (Figs. 3, 4).

The uplifting coastal stretch n°3 extends from Varadero to Bahia
Onda (sequences XIV to XVIII, Table 1, Figs. 2, 3) over ~240 km and
includes the Matanzas sequence (n°XV Fig. 3, Table 1). The central part
of this coastal stretch exhibits sequences with up to 3 coastal terraces,
reaching maximum elevations of 100 + 10 m. The sequences located
eastwards (sequence XIV) and westwards (sequence XVIII) of the central
part exhibit only a single coastal terrace. The shoreline angle of T1 is
emplaced at higher elevation (19 + 1 m at sequence XIV) in the East than
in the West (7 + 1 m at sequence XVIII). At Matanzas, the lowest T1
terrace, dated and correlated to MIS 5e (Section 2.2.) has its shoreline
angle raised at 16 + 1 m. This uplifting coastal stretch is parallel to the
Pinar Fault and separated from the fourth area of coastal sequences by
the subsiding Batanao Gulf (Figs. 3, 4).

The 240 km long uplifted coastal stretch n°4 festoons the NW tip of
Cuba island (sequence XIX, Table 1, Figs. 3, 4) as well as the southern
shore of La Juventud Island (sequence XX, Table 1, Fig. 3). On the NW
tip of Cuba (sequence XIX and XX, Table 1, Fig. 3), the sequences include
two successive coastal terraces up to 20 + 1 m in elevation whereas on
La Juventud Island a single terrace is preserved at 10 + 1 m (Table 1,
Fig. 3).

The subsiding Batanao Gulf (Fig. 4) delimits, to the NW, the uplifting
coastal stretch n° 5 (sequence XXI to XXIII, Table 1, Fig. 3) which ex-
tends on the central part of South Cuba over 200 km. Within this area,
the Cochinos - Cardenas Fault perpendicularly crosscuts the modern
coastline. To the West of the fault, sequence XXI includes a single coastal
terrace for which the shoreline angle is preserved at 15 + 1 m, while
eastwards, the sequences XXII and XXIII include up to three successive
shorelines, and reaches 78 + 1 m at sequence XXIII (Table 1, Fig. 3). At
sequence XXI, the distribution of the coastal terrace suggests the
occurrence of a paleo-gulf as the fossil shoreline enters inland, unlike its
modern counterpart. To the East, the fifth uplifting coastal stretch ends
at the La Trocha Fault (Fig. 4), which borders the SW subsiding areas of
the Cuban Archipelago.

The elevation and distribution of the coastal sequences of the Cuban
archipelago depict nine units with different tectonic behavior intimately
related with onshore and offshore faults (Fig. 4). Five blocks are
uplifting and four subsiding. The blocks are generally delimited by
onshore faults associated with a vertical component, generally normal
except the Cochinos-Cardenas reverse fault, and for some with strike-slip
component, particularly Cauto-Nipe and La Trocha (Fig. 4; Garcia,
2001). The uplifted sections are characterized by coastal sequences with
different morphologies revealing variable Upper Pleistocene (MIS 5e)
uplift rates and Late Cenozoic emersion histories (Fig. 4).

5 https://youtu.be/hFLFR8i4kyo
6 https://youtu.be/6HwpmNV5538
7 https://youtu.be/GDuZqlRjNpk
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5. Discussion

5.1. Estimates of Upper Pleistocene uplift rates and timing for the
emersion of some sequences of coastal terraces

Most of the Cuban coastal terraces allocated to the Last Interglacial
Maximum (MIS 5e) are found at lower elevations than 20 m (Table 2),
which implies low to very low apparent uplift rates (Class C and D, Fig. 4
in Pedoja et al., 2011) ranging from 0.06 + 0.01 mm.yr—! on the NW tip
of Cuba main island (sequence XIX) to 0.13 & 0.01 mm.yf1 at Matanzas
(sequence XV, Table 1, Fig. 4). At Punta de Maisi (sequence VI, Table 1),
the shoreline angle of the MIS 5e reefal terrace is emplaced at a
maximum elevation of 40 + 1 m (Pérez Lazo, 1986; Penalver et al.,
2003) which implies a moderate apparent coastal uplift rate of 0.33 +
0.01 mm.yf1 (Class B on Fig. 4 in Pedoja et al., 2011). On the southern
part of the US Naval base of Guantanamo Bay, MIS 5e apparent uplift
rates are low with values of 0.12 + 0.02 mm.yr~! (Guantanamo Light-
house Table 1) in the exposed area and of 0.09 + 0.02 mm.yr ! in the
protected area (Guantanamo Bay Table 1).

As the MIS 5e landform is generally low (< 20 m), eustasy-corrected
uplift rates are more variable since the rates largely depend on the
correction applied (Table 2). Within the Guantanamo embayment, the
shoreline angle of the reefal terrace correlated to the MIS 5e is emplaced
at 10.8 + 1 m which yields uplift rates of 0.05 + 0.12 mm.yr !
(following Waelbroeck et al., 2002) or 0.18 £ 0.10 mm.yr’1 (following
Shakun et al., 2015). Upon some sea-level curves and taking into ac-
count the large margins of error, uplift rates can even be negative, and
therefore the MIS 5e terrace interpreted as evidence of subsidence
(Table 2), although this would be at odds with the accompanying se-
quences of coastal landforms that attest for an overall uplift.

Assuming constant apparent uplift rates, we extrapolated the
apparent MIS 5e uplift rates to propose a possible age for the uppermost
shorelines of some sequences (as in Lajoie, 1986). These extrapolations
provide an indicative chronological framework. Extrapolating eustasy-
corrected uplift rates would yield older emersion age for the consid-
ered sequences. Extrapolating an apparent MIS 5e uplift rate of 0.13 +
0.01 mm.yr~?, the summit of the Matanzas sequence (n° XV Fig. 3) at
100 + 10 m would have emerged between 640 ka and 910 ka, during
middle or early Pleistocene time (Fig. 4). The more complete sequences
of Maisi (560 + 10 m) and Cabo Cruz (263 + 10 m) seem to represent
longer periods of time, probably since Pliocene in agreement with
paleomagnetic dating indicating ages of 3 Ma at Punta de Maisi (Section
2.2). Consequently at Maisi and Cabo Cruz, the long-lasting records of
sea-level fluctuations are intermediary steps between the ~1 Ma coastal
sequences preserved on Barbados or Sumba island (Indonesia) and the
long lasting sequence of Buton Island (SE Sulawesi, Indonesia) which
probably record 3.8 & 0.6 Ma (Fig. 15 Pedoja et al., 2018 for a graphical
representation of the long lasting reefal sequences mentionned here).

5.2. Tectonic implications

Within the current state of the art regarding Cuban coastal se-
quences, as intuitively suspected the highest apparent or eustasy-
corrected Upper Pleistocene coastal uplift rates from dated reefal ter-
races (maximum of 0.33 + 0.01 mm.yr’l) are located next to the
transform zone, at Punta de Maisi (sequence V, Table 1, Fig. 3). We stress
that there are no dating and/or elevations measurements for the Cabo
Cruz sequence (sequence I, Table 1, Figs. 3, 4) also located next to the
Transform Fault Zone and which might reveal similar or stronger Upper
Pleistocene uplift rates than at Punta de Maisi.

Cuban coastal sequences evidence non-negligible uplift of NW Cuba
Island (sequences XV, Fig. 2B), more than 400 km to the North of the
Oriente Transform Fault Zone. Such coastal uplift is probably the
aftermath of the tilting of tectonic blocks, associated with E-W-trending
faults crossing the Cuban platform (Figs. 1, 4). Some uplifting coastal
stretches are obviously tilted or warped like Area 3 (Fig. 3) and the
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Punta de Maisi. Within the uplifting coastal stretch n°3, the T1 shoreline
angle elevation yields higher apparent uplift rates in the East (sequence
X1V, 0.16 4 0.02 mm.yr’l) than in the West (sequence XVIII, 0.06 +
0.01 mm.yr ). Not taking into account the Punta de Maisi, the highest
Upper Pleistocene apparent coastal uplift rates are those determined
some 190 km North of the Transform Fault Zone at or near Matanzas
(sequence XIV and XV, respectively 0.16 + 0.02 mm.yr ' and 0.13 +
0.01 mm.yr}, Tables 1, 2, Fig. 3), similar or slightly higher than the
uplift rates experienced by the south coast of Guantanamo U.S. Military
Naval Base (0.12 4+ 0.02 mm.yr’l), 35-km North of the Oriente Trans-
form Fault.

In the eastern part of the northern Caribbean transform plate
boundary, shortening occurs due to the obliquity of plate convergence.
The transition from a transform to a subduction plate boundary implies
the Bahamas bank collision to the North and the Beata ridge indentation
to the South (Mann and Burke, 1984; Mann et al., 1995, 2005; Rojas-
Agramonte et al., 2005; Symithe et al., 2005; Calais et al., 2016; Corbeau
et al., 2019; Wessels et al., 2019) (Fig. 1). Uplift of some stretches of the
Cuban coasts suggests that compression might affect areas located as far
as 400 km North of the Transform Fault, probably through (re-)activa-
tion of Paleocene-Eocene strike-slipe faults with some vertical motion
components, like the Caute-Nipe, La Trocha and Pinar Faults. Major
sinistral transpressive deformations associated with folding and
thrusting has been described all across Hispaniola island with various
proxies: bathymetry and seismic reflection profiles across the western
basins (Calais and Mercier De Lépinay, 1995; Leroy et al., 2015; Corbeau
et al., 2016), geological cross-sections (Pubellier et al., 2000; Escuder-
Viruete et al., 2020), seismicity (Calais et al., 2010; Possee et al., 2018;
Corbeau et al., 2019), paleoseismicity (Bakun et al., 2012; Prentice et al.,
2010); and GPS networks (Benford et al., 2012; Symithe et al., 2005;
Calais et al., 2016). Coastal uplift seems to be higher in Haiti, where
impressive sequences are present in the Northwest of Hispaniola Island
(Dodge et al., 1983). In NW Haiti, the shoreline angle of MIS 5e coral
reef terrace reaches 60 m which yields an apparent uplift rate of ~0.5
mm.yr’1 (Dumas et al., 2006) although these results have been com-
mented (Hearty et al., 2007).

East of the Caribbean area, the most studied sequence of coastal
terraces is the one present on Barbados Island located ~1700 km SE of
SE Cuba (Fig. 1). The island, an uplifting accretionary prism at the front
of the Lesser Antilles subduction zone, exhibits a staircase sequence
which reaches 300 +/— 10 m in elevation, includes 13 main coastal
terraces, and represents ~1 Ma of sea-level fluctuations. The MIS 5e
shoreline angle is raised at a maximum elevation of 41 + 1 m (Radtke
and Schellmann, 2006; Potter et al., 2004; Schellmann and Radtke,
2004; Schellmann et al., 2004; Thompson et al., 2003; Villemant and
Feuillet, 2003; Gallup et al., 2002; Johnson, 2001; Muhs, 2001), yielding
apparent uplift rates of 0.33 + 0.01 mm.yr .. Such rates are comparable
to those determined herein, for the Punta de Maisi, in SE Cuba, just in
front of the Transform Fault Zone. However, at la Desirade Island, in
front of the Caribbean subduction zone at a location where the accre-
tionary prism is less developed, the shoreline angle of the coastal terrace
allocated to the last interglacial maximum (MIS 5e, 122 + 6 ka) lies at
10 + 1 m (Léticée et al., 2019). This yields an apparent uplift rate of
0.08 + 0.01 mm.yr ' equivalent to the upper Pleistocene coastal uplift
rates in NE Cuba, ~ 190 km from the Transfom Fault Zone. The scarcity
of dating of Pleistocene coastal landforms for the impressive sequences
of South Cuba and West Haiti, which are higher in elevation and more
complete in terms of successive terraces than the canonical Barbados
sequence, avoid us from having detailed Pleistocene vertical motions
and, overall, better constrained coastal uplift rates for the Caribbean
area.

Considering a database made by members of our team (Pedoja et al.,
2014), at a global scale, within transform tectonics settings, the MIS 5Se
benchmark is recorded at i) 121 sites of which 3 are submerged, ii) MIS
5e shoreline angles are found at elevations ranging from - 5 £ 5 m
(Belize Island) to 275 4+ 25 m (at Smith Gulf, California) with a mean of
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~30.5 + 3 m, and iii) the mean Late Pleistocene apparent uplift rate of
Transform settings is 0.25 + 0.02 mm.yr !. Such values would be
probably slighlty different considering more recent databases on the MIS
5e shoreline elevation and other sea level proxies in the Caribbean area
(Rubio-Sandoval et al., 2021; Simms, 2021) but the latter do not include
geodynamical data. Nevertheless, in theory, purely transform settings do
not cause vertical land motion, which is in practice seldom observed. On
coasts located in front of intra-oceanic subduction zones, the elevation
of MIS 5e shorelines range from —85 + 2.5 m to 240 + 3 m with a mean
of ~51.3 + 3.1 m. The mean Late Pleistocene apparent coastal uplift rate
is 0.42 + 0.03 mm.yf1 (Pedoja et al., 2014). The Lesser Antilles Fault
Zone exhibits relatively low Upper Pleistocene uplift rates when
compared to similar settings (subduction Mariana type). The apparent
Late Pleistocene uplift rates experienced at the SE tip of Cuba (Maisi
Peninsula, 0.33 = 0.01 mm.yr ') or Haiti, are typical of Transform Fault
Zone settings. Transform Fault zones frequently experience positive
vertical deformations in relation to, among other, plate convergence
obliquity, mantle flow and/or the rotation of crustal blocks. The relative
contribution of these processes responsible for the Late Cenozoic uplift
of the Cuban coasts still has to be determined.

6. Conclusion

The Late Cenozoic coastal evolution of the Cuban Archipelago in-
cludes the uplift of five coastal stretches, recorded by 23 emerged se-
quences of coastal terraces. MIS 5e terraces (122 + 6 ka) are found at
elevations lower than 20 m, except at Punta de Maisi in front of the
Oriente Transform Fault Zone where it is raised at a maximum elevation
of 40 + 1 m. Consequently, upper Pleistocene apparent coastal uplift
rates range from 0.06 + 0.01 mm.yr ' to the NW of Cuba Island to 0.33
+ 0.01 mm.yr ! in front of the Oriente Transform Fault Zone. Coastal
uplift distribution shows that deformation is active up to 400 km North
of the Transform Fault Zone. Long lasting sequences of notches, marine
and coral reef terraces are preserved on the southern tips of Cuba Island
at Punta de Maisi (SE) and Cabo Cruz (SW), in front of the Transform
Fault Zone. At Maisi the sequence of 24 coastal terraces reaches 560 +
10 m in elevation and represent a ~ 3 Ma record of sea-level fluctuations
assuming constant uplift rates. On Cabo Cruz, the poorly studied
sequence of 13 coastal terraces reaches 263 + 10 m in elevation but
there are no dating nor precise elevations of the successive terraces and
notches. Future dating of the Cuban coastal terraces will shed light on
regional tectonics and on Pleistocene coastal morphogenesis in an area,
a priori less exposed to Holocene sea level variations than other regions.
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