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A B S T R A C T

The southeastern coast of Cuba is bounded on the south by the Oriente Fault Zone that corresponds to the northern Caribbean plate boundary. By analyzing the 
coastal terraces of this region, we decipher the Quaternary uplift along the transform plate boundary over a ~ 380 km long coastal stretch. We present a detailed 
mapping of uplifted coastal terraces and 18 new U/Th ages of corals. Late Quaternary uplift rates range from − 0.02 ± 0.02 to 0.23 ± 0.07 mm.yr− 1. From west to 
east, the coastal sequences exhibit a maximum of 18 terraces culminating at 270 m on Cabo Cruz, 11 terraces reaching 250 m near Santiago de Cuba and 29 terraces 
up to 520 m on Punta Maísi. Coastal sequences reveal distinct tectonic regimes. In the west at Cabo Cruz, uplift results from the tilting of tectonic blocks separated by 
NE-SW-trending normal faults, to the north of an extensional step-over of the Oriente Fault Zone. In the central part, the uplift is associated with NW-SE folding 
linked to a transpressional relay zone of the Oriente Fault Zone and to the offshore E-W Santiago Deformation Belt. In the east, at Punta Maísi, uplift results from a 
north-dipping thrust close to the coast linked with the oblique collision of the Bahamas platform against Cuba. The intensity of coastal uplift and locations of relay 
zones seems related to lateral variations in rheology and thickness of the tectonic plates. The uplift of the coast of SE Cuba is controlled by the oblique collision of the 
Bahamas platform of the North America continental plate against the continental crust of the Caribbean plate to the east and the oceanic/continental transition of the 
Caribbean plate to the West.

1. Introduction

The northern boundary between the Caribbean plate and the North 
America plate extends over more than 3000 km, from the subduction of 
the Cocos plate in the west, to the subduction of the North America plate 
in the east. In the east, the plate boundary varies from orthogonal sub
duction in the Lesser Antilles to oblique subduction in Puerto Rico and 
the Dominican Republic, to pure strike-slip at the Cayman basin (Mann 
et al., 2002). This latter east-west strike-slip plate boundary zone is 
made up, in its central part, of two sinistral strike-slip faults, the Oriente 
Fault Zone (OFZ) to the north, and the Enriquillo-Plantain Garden Fault 
Zone (EPGFZ) to the south, which frame the Gonave block (Fig. 1). At 
the western boundary of the block, the Cayman pull-apart oceanic ridge 
has been open since the Eocene (Donnelly, 1989; Rosencrantz, 1990). At 

its eastern boundary, the OFZ cuts across the extinct Caribbean island- 
arc, formed during the Mesozoic subduction of the proto-Caribbean 
oceanic lithosphere (Mann et al., 1991), which consists of Cuba in the 
north and the islands of Jamaica, Hispaniola, Puerto Rico and Virgin 
islands to the south. These characteristics make the Gonave block a 
complex block with a post-Eocene oceanic nature to the west and an 
older and thicker crust to the east with an increase of the lithospheric 
thickness east of Jamaica (Fig. 1). In addition to this lateral contrast in 
rheology and thickness, the Gonave block boundary is characterized by a 
purely strike-slip movement in the west, while to the east, it undergoes 
transpressions produced by the oblique convergence of the Bahamas 
carbonate platform towards the extinct upper Cretaceous volcanic 
Caribbean island-arc (Fig. 1).

The aim of this study is to characterize the vertical movements 
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produced along the northern boundary of the Gonave block in order to 
analyze the strain distribution in these laterally contrasting kinematic 
and crustal settings. More precisely, we investigated the emergent se
quences of coastal terraces found along the south east coast of Cuba 
(southern coast of “Cuba Oriental”). These coastal terraces fingerprint 
the temporal and spatial variations of Quaternary uplift related to the 
OFZ on the North America plate side. We mapped the sequences of 
coastal terraces over a 380-km long coastal stretch, locally on high- 
resolution Pleiades Digital Elevation Models (DEM) combined with 
differential Global Positioning System (GPS) measurements and field 
mapping. We completed the analysis by determining the regional alti
tudinal variations of the upper coastal terraces with projected topo
graphic parallel staked profiles (swath profiles, Armijo et al., 2015). We 
dated the lowermost coastal terraces using uranium-series methods on 
corals and evaluated average uplift rates during the upper Quaternary. 
We added 18 ages on previously undated sites, including the world-class 
Cabo Cruz site. Finally, we discuss our results in the framework of the 
North America/Caribbean plate boundary and try to answer two ques
tions. Do the lateral rheological variations of the southern plate produce 
variations in the tectonic regime along the plate boundary involving 
uplift variations of the northern edge of this plate boundary? How does 
the oblique collision of the Bahamas platform impact the uplift of the 
northern edge of the Caribbean/North America plate boundary?

2. Setting

2.1. Geodynamics and geology of Cuba

In the northern Caribbean region, Cuba is located on the southern 
part of the North America plate at its boundary with the Caribbean plate 
(Fig. 1). Along this plate boundary, the North America plate moves at a 
rate of 20 mm.yr− 1 towards the ENE, with a 10–20◦ obliquity (DeMets 

et al., 2000; Symithe et al., 2015; Fig. 1). Cuba belongs to an ancient 
Caribbean island arc, which formed during the Cretaceous (Burke, 1988; 
Pindell et al., 2012; Hastie et al., 2013; Fig. 1). During the Late 
Cretaceous-Paleocene, this arc collided with the Bahamas carbonate 
platform and was subsequently fragmented during the Neogene into 
several tectonic blocks that crop out today in the Greater and Lesser 
Antilles (Pindell and Dewey, 1982; Burke, 1988; Mann et al., 1995; Cruz- 
Orosa et al., 2012; Leroy et al., 2000). In Cuba, the Paleocene-Eocene 
collision formed a NW-trending orogenic belt (Iturralde-Vinent, 1994; 
Gordon et al., 1997; Cruz-Orosa et al., 2012). The volcanic arc 
diachronically collided with the buoyant Bahamas platform from west to 
east. The direction of convergence between the North America plate and 
the Caribbean plate changed from SW to W because of this collision 
(Boschman et al., 2014). During the Oligocene to Miocene in Cuba, left- 
lateral strike-slip faults (i.e., Pinar, Trocha and Cauto-Nipe faults) pro
gressively relocated the plate boundary southward, fragmenting the 
Cuban subduction-collision accretionary prism and bounded Neogene 
post-orogenic basins (Rosencrantz, 1990; Gordon et al., 1997; Iturralde- 
Vinent and MacPhee, 1999; Leroy et al., 2000; Rojas-Agramonte et al., 
2006; Cruz-Orosa et al., 2012; Fig. 1). The western extension of these 
strike-slip faults opened the Yucatan basin during the Paleocene, and the 
oceanic Cayman trough during Eocene to Quaternary time (Leroy et al., 
1996, 2000; Pablo Ramos and Mann, 2023; Fig. 1). During Oligocene 
times, the northern boundary of the Caribbean plate shifted to its current 
position along the Oriente Fault Zone (OFZ) running from the Cayman 
trough to southern Cuba (Calais and De Lépinay, 1995; Mann, 1997; 
Calais et al., 2016; Leroy et al., 2000; Pindell et al., 2005; OFZ, Fig. 1). 
During the Pliocene, the OFZ connected to the Septentrional fault east of 
Cuba (Oliveira de Sá et al., 2021). Currently, the OFZ, south of Cuba, 
consists of connected strike-slip faults with transpressional and trans
tensional step-overs. West of the southeastern coast of Cuba, at Cabo 
Cruz, the OFZ is associated with a transtensional step-over forming the 

Fig. 1. Geodynamics of the northern Caribbean plate. A: Geodynamic framework. B: Tectonic pattern, location of major earthquakes from USGS/NEIC catalog and 
coastal terraces (Mann et al., 1995; Pindell et al., 2005; Muhs and Budahn, 2009; Muhs et al., 2017; Viruete and Pérez, 2020; Peñalver et al., 2021; Oliveira de Sá 
et al., 2021; Calais et al., 2023). PF: Pinar fault, TF: la Trocha Fault, CNF: Caute Nipe Fault, NHFZ: North Hispaniola Fault Zone, NCFZ: North Cuba Fault Zone, CCB: 
Cabo Cruz Basin, CR: Cayman Ridge, OFZ: Oriente Fault Zone; SFZ: Septentrional Fault Zone; EPGFZ: Enriquillo-Plantain-Garden Fault Zone; S. block: Septentrional 
block; SDB: Santiago Deformed Belt, PR trench: Puerto Rico trench, YB: Yucatan basin.
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Cabo Cruz basin (CCB, Fig. 1). In its central part, to the east of Santiago 
de Cuba, the OFZ is associated with the Santiago Deformed Belt south
ward of the OFZ (SDB, Fig. 1).

Along the northern margin of Cuba, the oblique subduction-collision 
between the Caribbean island arc and the carbonate platform of the 
Bahamas ended by the suture of the subduction zone (Gordon et al., 
1997; Pindell et al., 2005). This structure is currently being reactivated 
southeastward of Cuba as the western extension of the northern Hispa
niola Fault Zone (NCFZ, Fig. 1) named the North Cuban Fault Zone 
(Oliveira de Sá et al., 2021; Oliveira de Sá, 2023). Since the Late 
Cenozoic, the collision has progressively uplifted Cuba and Hispaniola 
(Mann et al., 1991; Calais et al., 1992; Pubellier et al., 2000; Symithe 
et al., 2015; Wessels, 2019; Escuder-Viruete and Pérez, 2020). At the 
southeastern tip of Cuba on the Maísi Peninsula, uplift is recorded by the 
formation of an impressive sequence of coastal terraces that have 
emerged since the end of Pliocene (Muhs et al., 2017; Peñalver et al., 
2021; Authemayou et al., 2023; Fig. 1).

2.2. Sequences of coastal terraces of the southeastern coast of Cuba

Sequences of coastal terraces are widespread along the coasts of 
Cuba (Peñalver et al., 2021) attracting attention since the end of the 
19th century (Crosby, 1883; Agassiz, 1894; Hill, 1895; Vaughan and 
Spencer, 1902; del Corral, 1944; Núñez Jiménez, 1973; Busto del Busto, 
1975; Horsfield, 1975). Most terraces are constructional reefs but 
erosional marine benches have truncated some of these. The most 
ubiquitous is the terrace from the peak of last interglacial (Marine 
Isotope Stage (MIS) 5e, ~120 ka, Peñalver et al., 2021). Its associated 
deposits and bio-constructions are locally described as the Jaimanitas 
formation (Rojas-Agramonte et al., 2005; Toscano et al., 1999; Iturral
de-Vinent, 2003; Iturralde-Vinent, 2009; Muhs et al., 2017; Peñalver 
et al., 2003, 2021).

Near Cabo Cruz, the southwestern tip of Cuba main island, Taber 
(1934) described a sequence of 12 successive terraces (Figs. 1, 2). The 
same author, taking into account the maximum elevation of the 
sequence (270 m), privileged a Quaternary coastal uplift over eustatic 
sea level variations as responsible for the emersion of the sequence. In 
the central stretch of the southeastern coast, Rojas-Agramonte et al. 
(2005) revealed the tectonic uplift of the Santiago de Cuba area from a 
sequence including four terraces up to ~200 m in elevation. In the 
Guantanamo Bay area, Meinzer (1933) recognized the low-elevation 
terrace formed by the Jaimanitas formation. Analyzing these coastal 
terraces, estimates of paleo-sea level during MIS 5e (6 to 11 m) and U/Th 
ages (~125 ka to ~115 ka), Muhs et al. (2017) estimated late 

Quaternary uplift rates to 0.02–0.11 mm.yr− 1 for the southern zone of 
Guantanamo Bay (Fig. 2). Terrace sequences are best developed at Punta 
de Maísi, on the southeastern tip of Cuba, both in terms of the extent and 
number of successive terraces (del Corral, 1944; Busto del Busto, 1975; 
Horsfield, 1975; Peñalver et al., 2003, 2021; Muhs et al., 2017; Authe
mayou et al., 2023). On the southern side of Punta de Maisí, the 
sequence exhibits 29 coastal terraces up to 520 m in elevation and an 
apparent Quaternary uplift rate of 0.23 ± 0.07 mm.yr− 1 (Authemayou 
et al., 2023). Horsfield (1975), based on the number of successive ter
races, proposed a higher uplift rate to the east (Punta de Maísi) 
compared to the west (Cabo Cruz).

3. Methods

3.1. Mapping coastal terrace sequences

In tropical zones, the staircase morphology of a coastal terrace 
sequence is the result of the interactions between reef accretion (bio
construction and sedimentation), relative sea level changes, erosion 
(marine and continental) and the initial coastal geomorphology 
(Camoin and Webster, 2015; Husson et al., 2018; Chauveau et al., 2021), 
resulting in a wide spectrum of morphologies (Pedoja et al., 2018). 
Notably, in addition to bioconstruction, marine erosion and the resulting 
sedimentation can “smooth” the inner part of the reef and cause the sea 
cliff to retreat (e.g., Pastier et al., 2019; Chauveau et al., 2024a, 2024b). 
The inner edge (map view) and associated shoreline angle (profile view) 
of coastal terraces correspond to the junction of a wave-cut bench with 
the sea cliff landward of the bench (Davis, 1933; Lajoie, 1986; Pedoja 
et al., 2011, 2014).

We mapped the inner edge of coastal terraces using a high-resolution 
(2 m) DEM (Pleiades). From a range of datasets (hillshades, slope maps, 
satellite ortho-images, and field data), we contoured the inner edges of 
each surface corresponding to the base of fossil cliffs landward of 
modern sea level. Lateral correlation of coastal terraces across valleys is 
based on the continuity of elevations, platform width, and equivalent 
position in the coastal terrace sequence. In order to get precise eleva
tions, we acquired topographic profiles using a kinematic differential 
global positioning system (RTK dGPS) (Fig. 2). Our profiles were 
measured perpendicular to the coastline from present mean sea level. 
The roughness of the coastal terraces and continental slope deposits at 
the base of the fossil cliffs are the main source of error in elevation, far 
beyond real kinematic differential GPS instrumental errors. On T1, the 
terrace roughness or the slope deposits are less than one meter verti
cally. Consequently, we assigned an elevation uncertainty of 1 m for all 

Fig. 2. Tectonic structure and coastal terraces of South East Cuba. Red, blue, green squares are respectively from the current study, from Muhs et al. (2017) and from 
Authemayou et al. (2023). Blue stretches are emerged coastal terrace sequences (Peñalver et al., 2021). Faults in black are from previous studies (Calais and Mercier 
de Lépinay, 1991; Leroy et al., 1996; 2015; Corbeau et al., 2016). Faults in white are from this study and from Authemayou et al., 2023.Continuous and dashed lines 
are active and inferred active faults, respectively. Caute Nipe FZ: Caute Nipe Fault Zone, CCB: Cabo Cruz Basin, OFZ: Oriente Fault Zone; SDB: Santiago Deformed 
Belt, WPS: Windward Passage Sill.
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field estimates except for the site at Verraco. For Verraco, we were un
able to take measurements using a differential GPS. We performed a 
topographical profile using the 2 m high-resolution DEM. The uncer
tainty in the topographical values is therefore greater than values ob
tained with differential GPS measurements. Differential GPS data 
compared with DEM data at the other sites where we have both types of 
measurement yields an overall uncertainty on the order of 1–2 m. Taking 
into account this methodological uncertainty, we set an elevation un
certainty of ±2 m for Verraco site.

For two areas (Cabo Cruz zone and Santiago de Cuba zone), we 
stacked hundreds of parallel topographic swaths from the DEM together 
(Armijo et al., 2015; de Gelder et al., 2022, 2023; Authemayou et al., 
2023; Fig. 2). The elevation of their inner edges was mapped onto these 
stacked swath profiles, in order to show their cumulative deformation. 
Distortion of the terraces would depend on the viewing angle with 
respect to the dip of the terraces. A view perpendicular to the tilt will 
show horizontal terraces. The correlation of the terraces on the projected 
profiles is only carried out on the principle of spatial continuity. Put 
another way, when the terraces are very discontinuous, the major cri
terion is not to produce abrupt vertical offsets without the presence of a 
faulted topographic escarpment detected on the DEM. Thus, these cor
relations remain open to interpretation.

3.2. Sampling strategy and U/Th dating

We focused on seven coastal sites along the southeastern shore of 
Cuba Island (Fig. 2). We extracted 18 coral samples for U/Th dating, by 
drilling coral colonies in growth position from the surface of the 
lowermost coral reef terrace. Low terraces were sampled to minimize the 
risk of sampling recrystallized coral (from aragonite to calcite) that 
would prevent reliable dating (Thurber et al., 1965; Bar-Matthews et al., 
1993). Indeed, fossil corals can be affected by diagenesis, resulting in 
age bias. After terrace emergence, aragonite to calcite transformation is 
one of the main processes affecting fossil coral skeletons. This process 
results in uranium lossand older apparent ages (Thurber et al., 1965; 
Bar-Matthews et al., 1993), although it may have a limited effect on the 
uranium isotopic composition (Thompson et al., 2003). We proceeded 
with U/Th dating on samples with a majority of aragonite. Thompson 
et al. (2003) suggest that ages from samples with more than 10 % calcite 
should be excluded in the analysis.

Other diagenetic alteration can be due to dissolution / recrystalli
sation processes, with incorporation or loss of uranium and thorium, but 
also in some cases by the precipitation of secondary aragonite. These 
alterations could also cause age bias that can be identified by isotopic 
uranium signature not compatible with the marine one, by mineralog
ical determination, by thin section analysis (e.g. Hamelin et al., 1991, 
Thompson et al., 2003 and review in Ribot et al., 2024). In our study, the 
validation of 230Th/234U ages has been done by comparison of the initial 
ratio between 238U and 234U (expressed as δ234Uo of the coral with the 
modern seawater (msw) uranium isotopic composition, i.e., δ234U(msw) 
= 145.5 ± 2.3 ‰; Cheng et al., 2000, δ234U(msw) = 145 ± 1.5 ‰; 
Chutcharavan et al., 2018). The difference between calculated δ234Uo 
and msw of 5 ‰ higher or lower is considered a sign of diagenetic 
alteration (Chutcharavan et al., 2018), and a further correction is 
applied. We use the model provided by Thompson et al. (2003) for these 
samples to determine an open system age (Supplementary Table 1).

The samples were mechanically cleaned with a micro-drill, rinsed in 
MilliQ water, and leached in chloridric acid dilute (0.1 N) bi-distilled 
HCl for 15–20 min in an ultrasonic bath. The cleaned samples (large 
pieces of coral) were then crushed into powder and analyzed using XRD 
Brucker D8 at the LCG (Laboratoire d’étude des “Cycles Géochimiques et 
Ressources”, IFREMER) in Brest (France) to quantify the relative quan
tities of calcite and aragonite. Subsequently, the powders were covered 
with milliQ water and dissolved by adding drops of concentrated HCl, in 
beakers where a known amount of a mixed 229Th-233U-236U spike pre
viously was added to the solution. After co-precipitation with FeOH, the 

uranium and thorium fractions were purified using U-TEVA resin in 
nitric media, following a procedure modified from Pons-Branchu et al. 
(2005). Thorium and uranium fractions were recovered using HCl 3 N 
and 1 N respectively.

In order to support our method, we carried out replicate analyses by 
taking samples directly from the pieces of coral using a micro-drill (see 
photo and table in supplementary data), without prior acid cleaning of 
sample. For these analyses, we selected Cub 19–31, which is not likely to 
have been affected by diagenesis (initial δ234Uo of 143.8 ± 1.2 and 99 % 
aragonite, Supplementary Table 1). The results are presented in sup
plementary data. The results obtained without leaching of the sample 
with dilute HCL (Cub 19–31-a, b and c) show in all 3 cases fairly low 
uranium contents (below 2 ppm), without showing any variation in the 
calculated age. The protocol used does not therefore result in any visible 
fractionation between uranium and thorium and therefore no bias in the 
age. The small variations in U content could be due to heterogeneities in 
the structure of the coral (vital centres), which have been widely 
documented for tropical corals.

The uranium and thorium isotopic compositions were analyzed on a 
Multi-Collector Inductively Coupled Plasma source Mass Spectrometer 
(MC-ICPMS) Thermo ScientificTM NeptunePlus fitted with a jet pump 
interface and a dissolving introduction system (aridus II). For mass 
fractionation correction, we used an exponential law (normalized to 
natural 238U/235U isotopic ratio) and standard/sample bracketing. More 
details on the analytical procedure (chemistry and MC-ICPMS analysis) 
can be found in Pons-Branchu et al. (2022). After corrections for peak 
tailing, hydrate interference and chemical blanks, 230Th/234U ages were 
calculated from measured atomic ratios through iterative age estimation 
using the 230Th, 234U and 238U decay constants of Jaffey et al. (1971) and 
Cheng et al. (2013).

3.3. Sequences of coastal terraces and uplift rates

Sequences of coastal terraces make it possible to estimate the rates of 
late Quaternary coastal vertical motion. Uplift rates are calculated from 
shoreline angle elevation, terrace age and paleo-sea level at the time of 
terrace formation (e.g., Murray-Wallace and Woodroffe, 2014; Pedoja 
et al., 2014; Rovere et al., 2016). Although the relationship is not always 
straightforward, the shoreline angle generally marks mean sea level at 
the time of terrace formation(Lajoie, 1986). In practice, the age of corals 
in growth position on the upper part of the coastal terrace help to 
determine the highstand responsible for the final formation of the 
coastal terrace. The depth at which coral grows can vary greatly (0 to 20 
m for Dichocoenia stokesii; Aronson et al., 2008, Supplementary Table 1). 
To reconstruct the uplift rates, we used the elevation of the shoreline 
angle (i.e., the inner edge of the terrace), corresponding to the maximum 
sea level at the highstand (e.g., Murray-Wallace and Woodroffe, 2014; 
Pedoja et al., 2014; Rovere et al., 2016, 2022).

The most commonly preserved interglacial period worldwide in the 
geomorphological record is MIS 5 (Stirling et al., 1998; Pedoja et al., 
2011, 2014; Murray-Wallace and Woodroffe, 2014; Rovere et al., 2016, 
2022; Creveling et al., 2017; Barlow et al., 2018; de Gelder et al., 2022; 
Weiss et al., 2022. Hsia et al., 2024; Fouke and Kerans, 2024). MIS 5 
includes three relative highstands, MIS 5a (~ 80 ka), MIS 5c (~100 ka) 
and MIS 5e (~120 ka). Hsia et al., 2024 estimated an MIS 5a global 
mean sea level highstand of − 6.5 to − 5.1 m and Muhs et al. (2011)
estimated an MIS 5e of 2 to 8 m eustatic highstand for the Florida region 
using dated corals from cores and from fossil reefs outcrops.

4. Results

The lowermost terraces of the southeastern part of Cuba are found 
almost continuously along the coast except for a 45 km segment of 
coastline along the Sierra Maestra massif (west of Santiago of Cuba) 
(Fig. 2). In the study area, we focused on 7 sites which correspond to the 
best-preserved and most-complete (in terms of number of successive 
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terraces) coastal sequences, with the exception of the sequences of Punta 
de Maísi which were recently dated and described in detail elsewhere 
(Authemayou et al., 2023).

4.1. Site 1: Cabo Cruz

At the western end of the southeastern coast of Cuba (Cabo Cruz), we 
observed a sequence of two coastal terraces (T1 and T2) with T2 having 
a maximum elevation of 24 m above present mean sea level (apmsl) 
(Figs. 2 and 3). We surveyed the lowermost coastal terrace (T1) and the 
dGPS profile shows that its inner edge lies at an elevation of 2.6 ± 1 m 
(Fig. 3B). The surface of T1 slopes seaward with its distal part eroded 
near modern sea level (Fig. 3C). Boulders derived from the upper terrace 
partially cover this surface. T1 is composed of a maximum 2.5 m thick 
reefal units including corals in growth position. We sampled and U/Th 
dated two corals in growth position from the T1 reef unit (Figs. 3B, C, D, 
Supplementary Table 1). Samples CUB19.34 and CUB19.35 yielded ages 
of 119.6 ± 1 ka and 119.8 ± 1 ka, respectively (Fig. 3B, Supplementary 
Table 1).

4.2. Site 2: Boca del Toro

At Boca del Toro, 27 km east of the site 1 (Cabo Cruz), we identified a 
sequence of at least four coastal terraces (Figs. 2 and 4 A). Westward, the 
sequence is more complete and includes seven terraces (Fig. 4B). The 
coastal terraces T1 and T3 are narrower than the coastal terraces T2 and 
T4 (Fig. 4A). The T1 inner edge is found at an elevation of 8 ± 1 m on the 
dGPS profile (Figs. 4C, D). The distal edge of the terrace is at 5 m ± 1 m. 
Six samples (CUB19.26 to CUB19.31) in growth position were drilled in 
coral colonies found on the surface of the terrace, close to its distal edge. 
They yielded ages of 79.8 ± 0.5 ka to 85.4 ± 0.3 ka (Figs. 4A, E, Sup
plementary Table 1). One sample CUB19.25, taken next to the samples 

CUB19.27, 19.28, 19.26, provided an age of 132.9 ± 1 ka (Fig. 4A, 
Supplementary Table 1).

4.3. Site 3: Rancho Cruz

14 km southwest of Santiago de Cuba, we observed two terraces 
(Figs. 2 and 5 A). On the dGPS profiles, the inner edge of the lower 
terrace (T1) was measured at 7 ± 1 m and its distal edge at 4 ± 1 m 
(Fig. 5B). A topographic step of 1 m height is visible in the central part of 
the lower marine terrace. T1 inner edge is associated with a well- 
preserved notch (Figs. 5C and D). A coral in growth position 
(CUB22.64 on T1) sampled at the central part of the terrace upper sur
face, yielded a U/Th age of 134.4 ± 1 ka (Figs. 5B, E and Supplementary 
Table 1).

4.4. Site 4: Western Siboney

At the Western Siboney site, 14 km southeast of Santiago de Cuba, we 
observed a sequence of five terraces (Figs. 2 and 6A). The lowermost 
terrace (T1) is the widest. Its sinuous distal edge bears witness to the 
efficiency of marine erosion (Fig. 6B). On the dGPS profile, the inner 
edge of T1 is at 8 ± 1 m and the distal edge is at 4 ± 1 m (Fig. 5B). The 
dGPS profile defines an intermediate scarp of 2 m height located ~150 
m landward of the modern shore (Fig. 5C). Corals in growth position in 
the middle and in the distal edge of the terrace,CUB19.08, 19.09, 19.13, 
were dated to 130.6 ± 0.9 ka, 129.7 ± 0.9 ka and 140.4 ± 0.9 ka 
respectively (Figs. 6C, D and Supplementary Table 1).

4.5. Site 5: Bucanero

Site 5 at Bucanero is 3 km east of site 4 and the sequence includes 
three terraces (Figs. 2 and 7A). The lowermost and widest (200–250 m) 

Fig. 3. The coastal sequence at Cabo Cruz site (site 1 of Fig. 2). A) general view from satellite imagery with samples and dGPS locations, B) dGPS profile and 
sampling locations. C) and D) Interpreted field pictures and sampling details.
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terrace (T1) provided the foundation of the Bucanero hotel complex, 
which was destroyed by hurricane Sandy in 2012 (see Pedoja et al., 
2023). On the dGPS profile, the inner edge of T1 is found at 9.5 ± 1 m 
and its distal edge is at 4.5 ± 1 m (Figs. 7B, D). We sampled four corals in 
growth position on the surface of T1. U/Th dating of 19.17 next to the 
dGPS profile yield age of 136.5 ± 0.8 ka (Fig. 7A, Supplementary 
Table 1). CUB 22.55, CUB 22.56, 22.57, 300 m westward of the dGPS 
profile, yielded ages of 112.9 ± 0.5 ka, 132 ± 0.7 ka, and 119.7 ± 0.6 
ka, respectively (Fig. 7A, Supplementary Table 1).

4.6. Site 6: Verraco

At a locality 32 km southeast of Santiago de Cuba, we observed two 
terraces (Figs. 2 and 8 A). The lowermost (T1) is wider (350 m) and 
higher (~35 m) compared with the T1 terraces of the other sites 
described above (from 30 to 250 m wide and from 1.6 to 10.5 m high).

Topographic profile extracted from Pleiades DEM shows its inner 
edge at an elevation of 35 ± 2 m (Figs. 8 A and 8B). The active cliff in the 
distal edge rises 12 m above sea level (Fig. 8C). As the vegetation was 
denser than on the other sites, we were unable to find well-preserved 

corals for dating.

4.7. Site 7: Bate Bate

37 km southeast of Guantanamo Bay, at Bate Bate, a sequence in
cludes five terraces (Figs. 2 and 9A). The lowermost terrace (T1) is wide 
(220 m). Its distal part is devoid of vegetation and is partly covered by 
what we interpret to be storm deposit ~40 m from the seaward edge 
(Figs. 9A and B). On the dPGS profile, the T1 inner edge is at 11 ± 1 m 
and the distal edge is at 6 ± 1 m above sea level (Fig. 9C). We sampled 
two corals in growth position at the top of the surface. CUB22.48 and 
CUB 22.49 yielded U/Th ages of 121.5 ± 0.5 ka and 122.9 ± 0.8 ka, 
respectively (Figs. 9B,C, Supplementary Table 1).

5. Discussion

5.1. Deformation of the coastal terrace sequences

We assembled stacked swath profiles of the topography on two areas 
of the SE coast of Cuba to complement the stacked swath profiles on the 

Fig. 4. The coastal sequence at Boca del Toro site (site 2 of Fig. 2). A) general view from satellite imagery with sample ages and GPS location, B) Interpreted picture 
of coastal sequence view from Boca del Toro site. C) dGPS profile and sampling locations. D), E) Interpreted field pictures.
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eastern tip of this coast (Authemayou et al., 2023, Figs. 2, 10, 11). These 
profiles illustrate spatial variations in the amount of uplift and in 
particular in the key sites along the transform fault (OFZ, Fig. 2). The 
western zone in Cabo Cruz (Fig. 10) shows a sequence of coastal terraces 
whose number increases towards the east together with an apparent 
westward long-wavelength tilt of the inner edges (Figs. 10B, C). The 
maximum number of detected terraces is 17 to the east, and only 3 to the 
west. The long-wavelength tilt angle decreases progressively with the 
terrace level in the sequence. This differential uplift and this evolution 
are consistent with a progressive deformation of the terraces from the 
emergence of the sequence until present-day. The topographic stacked 
swath profiles of Fig. 10D and E show the coastal terraces on a NE-SW- 
trending section. The terraces are horizontal. Consequently, both E-W 
and NE-SW projections allow interpretation of a possible tilting of the 
terraces towards the NW (Fig. 10F). The maximum tilting value of the 
older terrace is 2◦ (Fig. 10F). The terraces are sometimes vertically offset 
by minor faults that produce multi-metric NE-SW-striking escarpments 
in the topography, indicating the direction of the fault plane (Figs. 10A, 
G, H). The general tilt of the inner edges which may be related to the 

vertical component of a NE-SW-striking normal fault, 68 km eastward to 
the site 2 (bold red line in Fig. 10A). Locally, to the east of the fault and 
west of Pilón city (Fig. 2), we did not observe any sequence of coastal 
terraces, with the possibility that the block to the east of this fault is 
subsiding.

In the central part of the southeastern Cuban coast, to the southeast 
of Santiago de Cuba, stacked topographic swath profiles show the E-W 
trending projection of a sequence of coastal terraces (Figs. 11A, B, C, D). 
The sequence is well marked, with a maximum of 14 identified terraces. 
For each terrace, the elevation of the inner edge varies longitudinally 
along the 25 km of coastline. Overall, this elevation increases towards 
the east, reaching the highest topographic heights in the vicinity of site 6 
at Verraco, the most SE point of the studied coastline. This lateral 
variation is not represented by a long tilt similar to the western coast of 
Cabo Cruz (Fig. 10). Near site 4 at Western Siboney, the terraces show 
km-scale asymmetrical folding (Figs. 11B, D). Two anticlines affect the 
highest terraces, and an anticline affects the intermediate terraces 
(Fig. 11D). The asymmetry of the folds suggests an apparent west- 
verging fold system. In the central part of the swath profiles, along the 

Fig. 5. The coastal sequence at Rancho Cruz site (site 3 of Fig. 2). A) general view from satellite imagery with samples and GPS locations, B) GPS profile and 
sampling locations. C), D) and E) Interpreted field pictures and sampling details.
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NW-SE-trending coast, the respective elevations of the coastal terraces 
do not vary (Fig. 11D). It increases again towards the east when the 
coastline resumes to its E-W direction (Figs. 11C, D), then remains fixed 
when the coastline turns NW-SE again (Figs. 11E, F). This sudden in
crease of terraces elevation when the coast has an E-W direction could be 
associated with folding too. This folding is better expressed by the 
highest terraces compared to the lowest terraces, suggesting that folding 
has been a slow, but ongoing process. As the fold flank tilting on the 
coastal terraces and the elevation of the central hinge zone of the fold is 
only visible on the EW-trending coastal sections and not apparent on the 
NW-SE coastal sections, the axis of the folds is probably NW-SE. This fold 
axis direction reveals NE-SW shortening, in agreement with an E-W 
trending sinistral transpressive regime and a NE-SW trending maximum 
horizontal compressive stress close to the E-W striking fault segment of 
the Oriente Fault Zone (Moreno et al., 2002).

5.2. Age of the lowermost coastal terraces

At site 1 (Cabo Cruz site), the two U/Th dated corals on the lower
most terrace (T1) yielded an age of ~119 ka corresponding to the MIS 5e 
sea level peak (~120 ka, Supplementary Table 1). For site 2 (Boca del 
Toro), one coral (CUB 19.25) sampled from the upper surface of the 
lowermost terrace (T1) yielded an age of 133 ka, corresponding to the 
end of the MIS 5e transgression. The other coral samples (CUB 19.26, 27, 
28, 29, 30, 31), yielded ages that can be correlated to MIS 5a (~80 ka) 
(Supplementary Table 1). These ages could correspond to the timing of 
the construction of the ultimate reef unit construction, during MIS 5a sea 
level peak (~80 ka). The coral sample CUB19.25 dated at 133 ka is 

located at the same altitudinal position as MIS 5a coral samples. Because 
the sea level at 133 ka was already as high as the MIS 5a sea level (Hsia 
et al., 2024; Muhs et al., 2011), and because the coral CUB19.25 un
derwent uplift between its formation and MIS 5a, it possibly has formed 
at a greater depth than that at which the MIS 5a corals formed (depth of 
life of the species Dichocoenia stokesii between 0 and − 20 m, Aronson 
et al., 2008).

At site 3 (Rancho Cruz), the only age obtained on the lowermost 
terrace (134.4 ± 0.5 ka, CUB 22.64, Supplementary Table 1) is an open- 
system age because the measured δ234U initial value of the fossil coral is 
slightly higher than that of current sea conditions (~160 ‰ compared 
with 145 ± 5 ‰, Chutcharavan et al., 2018). An initial excess of 234U 
produces an overestimation of the ages by U/Th dating (Thompson 
et al., 2003). If its age is overestimated, the terrace was probably formed 
during the MIS 5e. I We can therefore infer that the Rancho Cruz terrace 
formed during this interglacial stage.

At site 4 (Western Siboney), two corals, CUB 19.08 and CUB 19.09, 
yielded ages of around 130 ka, and one coral (CUB 19.13) yielded an 
open-system age of around 140 ka (Supplementary Table 1). We propose 
an MIS 5e age for this terrace. At site 7 (Bate Bate), the two corals dated 
to 121 ka and 123 ka are associated to the MIS 5e sea level peak (Sup
plementary Table 1).

5.3. Late quaternary uplift rates

We derive eustasy-corrected uplift rates from the inner edge eleva
tions of dated coastal terraces, once correlated to the nearest highstand 
(e.g., Pedoja et al., 2018; de Gelder et al., 2020) (Fig. 12). At Cabo Cruz 

Fig. 6. The coastal sequence at Western Siboney (site 4 of Fig. 2). A) Interpreted picture of the coastal sequence at Western Siboney. B) General view from satellite 
imagery with samples and GPS locations, C) GPS profile and sampling locations. D) Sampling details.
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(site 1), the eustasy-corrected uplift rate is − 0.02 ± 0.03 mm.yr− 1 

(Table 2). 30 km eastward, at site Boca del Toro (site 2), the uplift rate 
peaks at 0.17 ± 0.03 mm.yr− 1 from T1 correlated to MIS 5a highstand 
(Table 2).

At Rancho Cruz site (site 3), in the central part of the southern coast 
of Cuba (Fig. 2), the calculated eustasy-corrected uplift rate is 0.02 ±
0.03 mm.yr− 1, assuming that T1 is associated with MIS 5e (Table 2). At 
Western Siboney site (site 4), 25 km westward of site 3, the uplift rate is 
0.03 ± 0.03 mm.yr− 1 from T1 correlated to MIS 5e highstand (Fig. 12). 

At Bucanero (site 5), the uplift rate is 0.04 ± 0.03 mm yr− 1. T1 terrace of 
Verraco site (site 6) is the same T1 than sites 4 and 5 according to their 
position on the staked swath profile (site 6, 10 km southeastward of site 
5; Fig. 11). But without U/Th ages, we cannot calculate an uplift rate for 
this site. We have only deduced that it could be higher than for sites 4 
and 5 according to the gradual eastward increase of T1 elevation visible 
on the swath profiles of the area (Fig. 11). Muhs et al. (2017) calculated 
uplift rates ranging from 0.02 to 0.11 mm.yr− 1 in Guantanamo Bay 
(Fig. 12). At Bate Bate site (site 7), in the eastern part of the southern 

Fig. 7. The coastal sequence at Bucanero (site 5 on Fig. 2). A) General view from satellite imagery with samples and GPS locations, B) dGPS profile and sampling 
locations. C) Interpreted field picture.
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coast of Cuba, 60 km west of Punta Maísi, the uplift rate is 0.05 ± 0.02 
mm.yr − 1 Authemayou et al. (2023) obtained uplift rates from 0.03 ±
0.04 at Rio Seco site to 0.23 ± 0.07 mm.yr− 1 at the southern coast of 
Punta Maísi (Fig. 12).

This set of uplift rates, combined with earlier rates from Muhs et al. 
(2017) in Guantanamo Bay (blue squares, Fig. 12) and from Authe
mayou et al. (2023) at Maísi peninsula (green squares, Fig. 12), 
comprehensively cover the southern coast of Cuba. Maximum Late 
Quaternary uplift rates are found at three widely separated sites (far 
east, central, and far west).

5.4. Onshore/offshore deformation pattern along the Oriente Fault Zone

In the western part of the coast of southern Cuba, variations in uplift 
rates are correlated to NW-directed tilting of the coast certainly due to 
the activity of NE-SW-striking normal faults (White lines in Figs. 12, 13). 
In particular, secondary faults of this order have been identified as 
affecting the higher-elevation coastal terraces (Figs. 11H, G). At the 
Cabo Cruz site, there is no uplift and possibly some subsidence because 
this site is located on the lower block of a NE-trending secondary normal 
fault, far from the fault plane. The tilting of the block produces uplift 
close to the fault plane at the Boca del Toro site, but subsidence far from 
the fault plane at the Cabo Cruz site. These normal faults are comparable 
to their offshore counterparts in Cabo Cruz basin. This basin is a pull- 
apart basin connecting two transform fault segments of the OFZ and 
associated with active NE-SW striking normal faults (Fig. 12, Calais and 
de Lepinay, 1991; Perrot et al., 1997). However, the active coastal faults 

in Cuba are located outside the pull-apart basin. Their occurrence is 
therefore not only restricted to the pull-apart basin activity and must be 
related to a larger scale geodynamic process.

The pull-apart basin marks the transition from a fault trace along the 
toe of the Cayman ridge all the way to the mid-Cayman spreading center, 
to a segmented trace along the South Cuban margin (Figs. 1, 13). This 
transition is associated with a change in seismicity and fault-locking 
depth along the transform fault (OFZ), and in the rheology and thick
ness of the GonavTen Brink and Lin, 2004; Hayman et al., 2011; Calais 
et al., 2023; Moreno Toiran et al., 2023) (Fig. 13). There, the Gonave 
block changes from 5 to 6 km-thick oceanic crust through the west to a 
~ 25 km-thick crust through the east (Leroy et al., 2000; Ten Brink and 
Lin, 2004; Moreno Toiran et al., 2023). In the oceanic crust zone, 
serpentine enrichment along the fault may favor creeping mechanism 
(Liu et al., 2020; Calais et al., 2023). The combination of crustal thick
ness and rheological rock properties variations along the transform fault 
could thus produce a lateral change of shallow locking/creeping 
segment with a deep locking segment to the east along the transform 
fault (Calais et al., 2023). In addition, to the east, the oblique conver
gence of the Bahamas platform against the Gonave block may increase 
the coupling between the two plates.

Lower coupling along the western fault segment of the OFZ, 
compared with the eastern transform fault segment, may explain the 
intraplate deformation pattern in the North America plate (onshore 
Cuba). The North America plate moves more easily westward relative to 
the Gonave block where it is bounded by the creeping fault segment of 
the OFZ west of Cuba (Calais et al., 2023). This westward increase of 

Fig. 8. The coastal sequence at Verraco site (site 6 of Fig. 2). A) General view from satellite imagery with DEM profile location, B) Topographic profile from DEM 
measurements. C) Field picture of the inner edge of the lowermost coastal terrace.
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motion produces NE-SW-striking normal faults that limit the fast west 
zone from the slower east zone of the North America plate (Fig. 13). 
South of the creeping transform fault segment of the OFZ (Fig. 13), 
offshore N-S striking reverse faults are active across the rheological 
transition zone of the Gonave block between the oceanic crust and the 
ante-Eocene crust (Montego ridges, Leroy et al., 1996). The reverse 
faults could be activated by an eastward decrease in the relative 
movement of the Gonave block slowed by the strong coupling along the 
eastern locking fault segment of the OFZ (Fig. 13).

The normal faults of the North America plate along the Cabo Cruz 
coast may also belong to an uncharted pull-apart basin. Indeed, to the 
north of Cabo Cruz, the ENE-WSE-striking left lateral strike-slip Cauto 
Nipe fault zone (Cotilla-Rodríguez and Córdoba-Barba, 2010; Vázquez- 
Taset et al., 2020) could have been the active structure that was the 
source of the 18 October 1551 earthquake of intensity IX on the MSK 
intensity scale around the Bayamo earthquake (Fig. 13, Cotilla-Rodrí
guez and Córdoba-Barba, 2010). Data from GPS networks in the region 

suggest residual movement to the south of this fault relative to the fixed 
North American plate north to the fault (Calais et al., 2023). The fault 
forms a wedge to the west with the OFZ, which could locally promote 
internal extensional deformation in line with the activity of the NE-SW- 
striking normal faults along the coast clearly shown in Fig. 12.

In the central zone of the southeastern Cuban coast, uplift is pro
duced by NW-SE-trending folds, north of a transpressive relay zone be
tween two segments of the OFZ between the Gonave ante Eocene crust 
with low lithospheric depth and the Gonave ante Eocene crust with high 
lithospheric depth (Figs. 11, 13). To the east of this zone, the OFZ is 
flanked to the south by the EW-trending Santiago fold-and- thrust belt 
(SDB) (Calais and Mercier de Lépinay, 1991, Fig. 13). The reverse faults 
of this belt are very active according to the seismic activity and focal 
mechanisms recorded in this area (Fig. 13). To the north-east of the SDB, 
the coastal uplift rate is moderate (Muhs et al., 2017; sites 1 and 2 of 
Authemayou et al., 2023 and site 7 of this study; Figs. 2, 12). The uplift 
rates remain greater than 0.02 mm.yr− 1 (Figs. 12, 13). A component of 

Fig. 9. The coastal sequence at Bate Bate (site 7 of Fig. 2). A) Interpreted picture of the sequence. B) View from satellite imagery with samples and dGPS profile 
locations, C) dGPS profile. C) and D) Interpreted field picture of the inner edge of T1 and picture of the sampled Dichocoenia stokessi coral colonies.
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Fig. 10. Deformations of long-lasting coastal terrace sequences in the western part of southern Cuba (see location in Fig. 2). (A) Location map of the stacked swath 
profiles of coastal terraces with fault trace in red (bold trace corresponding to major faults) on hillshade of high-resolution Pleiades DEM above the satellite imagery, 
Raw (B) and interpreted (C) W-E-trending stacked swath profiles (trend along the main coast). Raw (D) and interpreted (E) SW-NE-trending stacked swath profiles. 
Colored lines are inner edge of marine terraces and red parallelograms are fault planes. (F) NW-SE-trending stacked interpreted swath profile. (G) Hillshade of high- 
resolution Pleiades DEM on secondary normal faults (fault traces shown by red triangles) affecting the upper coastal terraces (coordinate system WGS 84 UTM Zone 
18 N). Location in Fig. 10A. (H) Topographic profile across these secondary normal faults. Location in Fig. 10G. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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this uplift is linked to the oblique convergence of the Bahamas platform 
towards the Gonave block. It is also in this zone that the lithosphere of 
the Gonave block is thickening rapidly (Moreno Toiran et al., 2023). 
This variation in thickness could increase the interplate coupling and 
consequently favor the intraplate shortening in Cuba through coastal 
folding and in the Gonave plate through the Santiago fold-and-thrust 
belt, particularly in the zone where the lithosphere is thinning 

towards the west (Fig. 13). This mechanical change along the OFZ may 
also explain the more intense seismicity reaching depths up to 80 km 
along the eastern margin of Cuba (Moreno et al., 2002; Moreno Toiran 
et al., 2023).

At Punta Maísi, on the southeastern tip of Cuba, high uplift rates are 
probably linked to submarine E-W-striking thrusts parallel to the OFZ 
(Authemayou et al., 2023, Figs. 12, 13). In this area, the Bahamas 

Fig. 11. Deformations of long-lasting coastal terrace sequences in the central part of southern Cuba (see location in Fig. 2). (A) Location map of the stacked swath 
profiles of coastal terraces on hillshade of high-resolution Pleiades DEM above the satellite imagery, (B) W-E-trending stacked swath profiles to the west. (C) W-E- 
trending stacked swath profiles to the east. (D) Interpreted W-E-trending stacked swath profiles. (E) NW-SE-trending stacked swath profiles. (F) Interpreted NW-SE- 
trending stacked swath profiles. Each colored lines is inner edge of coastal terraces, and each circled dot is an anticlinal fold axis.
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platform cannot easily underthrust behind the North Cuba Fault Zone 
(NCFZ) (the western extension of the North Hispaniola Fault Zone, 
NHFZ in Fig. 13) due to its continental crust rheology and thickness 
(Fig. 13; Oliveira de Sá et al., 2021; Oliviera de Sá et al., 2024; Oliveira 
de Sá, 2023). Shortening is thus concentrated in the upper plate in the 
Windward Passage Sill (WPS) and the southeastern zone of Cuba by E- 
W-striking thrusting and folding producing high coastal uplift in Maísi 
area (Oliveira de Sá et al., 2021; Oliveira de Sá, 2023; Authemayou 
et al., 2023, Figs. 12, 13).

6. Conclusion

We studied seven sites along the southeastern coast of Cuba. We 
performed topographic swath profiles of the sequences of coastal ter
races, high resolution topographic profiles and U/Th dating on 18 coral 
samples, which enable us to correlate the lowermost coastal terraces 
with MIS 5. These data revealed lateral variations in coastal uplift along 
the OFZ transform fault with late Quaternary uplift rates ranging from 
− 0.02 ± 0.02 to 0.23 ± 0.07 mm.yr− 1. Two fast uplifting zones have 
been detected at the eastern and western ends of the southern coast. 
They can be respectively assigned to NE-SW normal faulting north of a 
pull-apart basin between two segments of the OFZ and E-W-striking 
reverse faulting offshore parallel to the OFZ. The first western zone is 
correlated with changes in the nature and crustal to lithospheric depth of 

the Gonave block to the south of the transform fault, linked to the lateral 
transition from an oceanic crust to a passive margin crust with an arc 
affinity. The easternmost zone is associated with the oblique collision of 
the continental Bahamas platform which can no longer underthrust 
behind the North Hispaniola/North Cuba fault zone.

Data avaibility

The topographic data (longitude, latitude coverage of − 74,40◦; 
20,30◦ and − 77,45◦; 19.55◦) used in this study is available at: http: 
//www.latitude-geosystems.com [Dataset], Pleiades’ satellite imagery 
was obtained through the ISIS program of the CNES under an academic 
license and is not for open distribution. On request, we will provide the 
DSM calculated from this imagery to any academic researcher who gets 
approval from CNES (contact isis-pleiades@cnes.fr quoting this paper, 
Christine.authemayou@univ-brest.fr in copy).The ESRI’s ArcGIS 10 
software is available at:https://www.esri.com [Software], U/Th data 
are integrated into the manuscript in Supplementary Table 1. Uplift 
rates were calculated from this data and elevation values are indicated 
in Table 2.
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Fig. 12. Onshore uplift rates at sampled sites (values framed by a solid black rectangle) (red squares from our study; blue squares from Muhs et al., 2017; red squares 
from Authemayou et al., 2023). Onshore active faults are mapped from Magaz García et al. (1997) and Cotilla-Rodriguez and Córdoba-Barba (2010) and offshore 
structural map, dotted and solid black lines correspond to faults from Calais and Mercier de Lépinay (1991); Leroy et al. (2015) and Oliveira de Sá et al. (2021) and 
white lines correspond to faults from Authemayou et al. (2023) and this study. Dotted black lines are non-active faults, solid black lines are active faults. CCB: Cabo 
Cruz Basin, OFZ: Oriente Septentrional Fault Zone; SDB: Santiago Deformed Belt; WPS: Windward Passage Sill. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Table 2 
Uplift rates calculated as a function of age and elevation of the inner edge of each 
low-standing coastal terrace in this study. Lines in bold are associated with the 
preferred terrace age hypothesis.

Site Coastal 
terrace

MIS Age Inner edge 
elevation

Estimated paleo- 
sea level

uplift rate

(kyr) (m) (m) (mm yr− 1)

1
T1 Cabo 
Cruz 115–130 2,6 ± 1

2–8 (Muhs et al., 
2011)

− 0,019 ±
0,031

2
T1 Boca de 
Toro 76–88 8 ± 1

− 6,5 to − 5,1 (
Hsia et al., 2024)

0,171 ±
0,033

3
T1 Rancho 
Cruz

115–130 7 ± 1
2–8 (Muhs et al., 
2011)

0,017 ±
0,035

4 T1 Western 
Siboney

115–130 8 ± 1 2–8 (Muhs et al., 
2011)

0,026 ±
0,035

5 T1 Bucanero 115–130 9,5 ± 1
2–8 (Muhs et al., 
2011)

0,039 ±
0,035

7 T1 Bate Bate 115–130 11 ± 1
2–8 (Muhs et al., 
2011)

0,051 ±
0,036
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