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A B S T R A C T   

The Cayos Basin is an offshore basin located in the Colombian Caribbean Sea and forms part of the Lower 
Nicaraguan Rise, a geological province of the western region of the Caribbean Plate. Until now, the origin of the 
province is still being debated. Advanced research in the study area regarding its composition and structure, from 
land outcrops, petrology and geochemistry of drilled cores and dredged samples, and geophysical investigations, 
indicates a volcanic origin for this geological province, and a close relationship to the formation of the Caribbean 
Large Igneous Province. On the contrary, other studies suggest that the Lower Nicaraguan Rise may be part of the 
continental Chortis block. In this paper, we present and discuss alternative scenarios for the nature of the un
derlying crust below the sedimentary sequences in the Cayos Basin. We characterize the basin through the 
interpretation of magnetic and gravity anomaly grids, and 2D forward modeling, constructed based on three 
sections, by considering restriction seismic data from previous works. The results show that the Cayos Basin is 
underlain by geological bodies with high density and higher magnetization. From the gravity and magnetic 
forward modeling, we estimated the depth to the basement is about 2–6 km, and the Moho discontinuity to have 
an average of 18 km below, the Cayos Basin. Our investigation implies that, at least, the Cayos Basin is in the 
oceanic crust domain and shows no evidence of a continental source of the Chortis block.   

1. Introduction 

The Cayos basin is a marine frontier basin located in the western 
region of the Colombian Caribbean Sea. The geometry of the basin has 
been established by the National Hydrocarbon Agency (Barrero et al., 
2007) and represents a total area of 144,755 km2. The Cayos Basin is 
bounded to the south and southeast by the Colombia Basin. To the west, 
it is limited by the Upper Nicaraguan Rise and continental lands of 
Central America, and to the northeast, the basin extends to the Jamaican 
Caribbean islands (Fig. 1). 

The basin includes water depths of up to 4000 meters, nine oceanic 
islands (San Andres, Providencia, and Santa Catalina), atolls and coral 
banks (Cayos de Roncador Island, Cayos de Quitasueño Island, Cayos de 
Serrana Island, Cayos del Este Sudeste Island, Cayos de Albuquerque 
Island, Cayos de Serranilla Island, among others) that reach variable 
elevations above sea level, with a maximum altitude of circa 360 m at 
the Providencia Island (León-Rincón et al., 2019; Rey et al., 2021). The 

seafloor exhibits a rough and variable morphology with diverse types of 
submarine landforms, such as ridges, troughs, and seamounts. The 
elevation model of the Cayos Basin reaches depths of between approx
imately − 2908 and − 4407 m, showing a deepening to the east (Fig. 2). 

Geological studies have concluded that the atolls, islands, and coral 
banks within the Cayos Basin may have originated in Early Cenozoic 
times as volcanoes (Christofferson and Hamil, 1978; Wadge and 
Wooden, 1982; Case et al., 1990; Holcombe et al., 1990a; Mauffret and 
Leroy, 1997; Carvajal Arenas and Mann, 2018; Restrepo-Alvarez et al., 
2014). The subsidence of these volcanoes and simultaneous capping by 
shallow-water carbonate deposits, from the Cenozoic through the Qua
ternary, gave rise to the formation of the shallow banks and atolls 
(Geister, 1992). Geophysical studies suggest that most coral banks, 
atolls, and islands, within the basin, are part of the province known as 
Lower Nicaraguan Rise (LNR). The LNR is considered as a crustal block, 
between the Upper Nicaraguan Rise (UNR) to the northwest, and the 
Colombia Basin to the southeast (Holcombe et al., 1990b; Mauffret and 
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Leroy, 1997) (Fig. 2). Research on the structure and tectonic develop
ment of this province has been formulated since the 1990s, and is still 
being debated (Case et al., 1990; Restrepo-Alvarez et al., 2014). It is an 
ongoing discussion whether the LNR may be part of the continental 
Chortis Block (Dengo, 1985; Krawinkel and Seyfried, 1994; Hradecky, 
2011) or, in contrast, may be composed of oceanic crust, as suggested by 
several authors (Case et al., 1990; Holcombe et al., 1990a; Mauffret and 
Leroy, 1997; Muñoz et al., 1997). Most Caribbean researchers refer to 
the LNR as a portion of the Caribbean Large Igneous Province (CLIP) that 
has largely been controlled by the accumulation of sediments, structural 
deformation of the existing crust, and volcanism (Case et al., 1990; 
Mauffret and Leroy, 1997; Mauffret and Leroy, 1999; D’Acremont et al., 
2003; Rogers et al., 2007; Boschman et al., 2014; Carvajal Arenas and 
Mann, 2018; Sanchez et al., 2019). 

The aim of this paper is to report the results obtained by the inte
gration of gravimetric and magnetic data (Berrocoso et al., 1996; Jigena 
et al., 2016), incorporating seismic profiles of the Cayos basin in the 
LNR. Anomaly maps and 2D gravity/magnetic forward modeling have 
been used to reveal the general crustal structure and to discriminate 
between oceanic and continental crust blocks and near-surface sedi
mentary elements. Moreover, the current hypothesis assuming that the 
studied area is part of the continental Chortis block, will be checked. 

2. Tectonic and geological setting 

The present-day configuration of the western Caribbean has been 
recognized as an important constraint on the tectonic origin and evo
lution, registering the history of displacement from the Cretaceous to the 
Cenozoic. Most authors now agree that the Caribbean Plate was formed 
during the Late Cretaceous in the eastern Pacific region, with migration 
eastwards, relative to the North and South American plates behind an 
east-facing Great Arc of the Caribbean, to its present position. 

The geological history of the Cayos Basin in the LNR is not known in 
detail. Previous studies (Geister, 1992; Muñoz et al., 1997; Idarraga 
Garcia and Leon Rincon, 2019) have reported that it appears to be an 
oceanic crustal block, bounded by the Pedro Bank Fault Zone in the 
northwest, and, the Hess Escarpment Fault Zone in the southeast. Faults, 

seismic activity, small-displacement deformation, and recent volcanism 
in the seafloor of the area suggest a continuous and active microplate 
boundary in the LNR along the San Andres Rift and Hess Escarpment 
Fault Zone (Carvajal Arenas and Mann, 2018). The intraplate defor
mation within de Caribbean plate shows structural features within the 
upper crust and sedimentary sections typical of other active rifts. 

Seismic reflection data appear to indicate that most of the deposits 
that cover the LNR, including the Cayos Basin, are pelagic, with a section 
ranging in thickness from 500 to 1000 m (Bowland and Rosencrantz, 
1988; Holcombe et al., 1990b; Mann and Burke, 1990). The basement 
configuration displays volcanic structures in the form of horst and gra
bens that control the sedimentation in local basins (Carvajal and Mann, 
2015). 

The structural features in the study area have been taken from the 
previously geophysical studies (Carvajal Arenas, 2017; Sanchez et al., 
2019) and include the Nicaraguan Rise, the Hess Escarpment Fault Zone, 
the Pedro Bank Fault Zone, the San Andres Rift, the Colombian Basin, 
and several islands, banks, atolls, and seamounts (Fig. 1). These features 
will be discussed in the next sections. 

2.1. The Nicaraguan Rise 

The Nicaraguan Rise is located across the Caribbean Sea, from the 
coast of Honduras and Nicaragua to Jamaica. It is a NE-SW trending 
modern carbonate platform with deep-water basins and is divided into 
the Upper (or Northern) and Lower (or Southern), by the left lateral 
Pedro Bank Fault Zone (Fig. 2) (Case et al., 1990; Ott et al., 2013). The 
Upper Nicaraguan Rise is a structural high, extending from Central 
America eastward to Jamaica, and consists of the Chortis Block (Arden 
Jr, 1969). The Lower Nicaraguan Rise, with a probable volcanic origin 
(Case et al., 1990), appears to be an oceanic crustal block, part of the 
Caribbean Large Igneous Province (CLIP) (Mauffret and Leroy, 1997). 

2.2. The Hess Escarpment Fault Zone 

The Hess Escarpment Fault Zone is defined as a late Cretaceous left- 
lateral, strike-slip fault, active during the period when the Caribbean 

Fig. 1. Localization of the Cayos Basin in a regional 
map of the Western Caribbean Sea showing tectono
morphologic features of the study area, which include 
fault zones and lineaments, areas of active rifting or 
seafloor spreading, and convergent plate zones (From 
Carvajal Arenas, 2017). The study area is shown 
delineated in pink (Barrero et al., 2007). The green 
triangles show atolls, islands, and coral banks. The 
red circles show drilled wells. Seismic lines are dis
played in red. Abbreviations: BR: Beata Ridge. NPDB: 
North Panama Deformed Belt. PBFZ: Pedro Bank 
Fault Zone. SCDB: South Caribbean Deformed Belt. 1. 
Cayos de Serranilla Island. 2. Cayos de Bajo Nuevo 
Island. 3. Cayos de Quitasueño Island. 4. Cayos de 
Serrana Island. 5. Providencia Island. 6. Cayos de 
Roncador Island. 7. San Andrés Island. 8. Cayos de 
Este Sudeste Island. 9. Cayos de Albuquerque Island. 
10. San Andres Rift. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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plate was being transported from the eastern Pacific into the present day 
position (Burke, 1988; Holcombe et al., 1990a). Idarraga Garcia and 
Leon Rincon (2019) describe major fault systems along the its trace: 
Albuquerque-Turmeque Fault, Mono Fault, and Hess Fault where the 
Hess Escarpment represent the main and single geomorphological 
expression on the seafloor (Fig. 2). 

2.3. The Pedro Bank Fault Zone 

The Pedro Bank Fault Zone corresponds to another lineament within 
the study area (Fig. 2), with an important N30◦E and N62◦E trending 
and a left-lateral component (Case et al., 1990; Holcombe et al., 1990a; 
Carvajal Arenas, 2017). Idarraga Garcia and Leon Rincon (2019) define 
four major fault systems: Albuquerque-Providencia, Pedro, Quitasueño, 
and Serrana. 

2.4. The San Andres Rift 

The San Andres Rift corresponds to a bathymetric and structural rift 
basin, with a structural trend of N15◦E, within the Caribbean Plate 
(Carvajal Arenas, 2017) (Fig. 2). The pull-apart basin opened from 
Eocene to recent as a result of left-lateral motion on the Pedro Banks 
fault to the northeast (Holcombe et al., 1990b). 

2.5. The Colombian Basin 

The Colombian Basin is limited to the south by the South Caribbean 
Deformed Belt, to the northwest by the LNR, to the west by the North 
Panama Deformed Belt, and by the Beata Ridge to the east. The 
Colombian Basin is underlain by the CLIP (Burke, 1988) with an 
approximate crustal thickness of between 10 and 18 km (Ewing et al., 
1960). 

2.6. Islands, banks, and atolls of the Archipelago 

According to Geister (1992), most coral banks, atolls, and islands of 
the Archipelago of San Andrés, Providencia, and Santa Catalina (San 
Andrés, and Providence Islands, Cayos de Roncador Island, Cayos de 
Quitasueño Island, Cayos de Serrana Island, Cayos del Este Sudeste Is
land, Cayos de Albuquerque Island, Cayos de Serranilla Island, among 
others within the Cayos Basin) may have originated through volcanic 
activity during the Early Cenozoic (Geister and Díaz, 2002). Subsidence 
and simultaneous capping of these volcanoes by shallow-water car
bonate layers, from the Cenozoic through the Quaternary, gave rise to 
the formation of the shallow banks and atolls of the basin (Geister and 
Díaz, 2002). 

3. Dataset and methods 

The crustal analyses of the Cayos Basin in the LNR were largely 
inferred from morphological or bathymetric changes in the seafloor, and 
the gravity and magnetic datasets. All grids were processed by using 
Geosoft Oasis Montaj software utilities, and minimum curvature inter
polation was applied to generate maps and profiles. 

3.1. Bathymetric data 

Bathymetric data were obtained from the ETOPO datasets. The data 
integrates land topography and ocean bathymetry from the National 
Oceanic and Atmospheric Administration (NOAA) (Amante and Eakins, 
2009). The analysis of the digital elevation model (DEM) was sampled 
between the longitudes 83.3 W◦ to 75.6 W◦ and latitudes 10.7 N◦ to 16.7 
N◦. 

Fig. 2. Digital elevation model (DEM) of the Cayos Basin showing major tectonic features. The locations of 2D gravity and magnetic profiles are displayed as purple 
lines. The red line indicates the location of the seismic profiles. The red circles show drilled wells. 1. Cayos de Serranilla Island. 2. Cayos de Bajo Nuevo Island. 3. 
Cayos de Quitasueño Island. 4. Cayos de Serrana Island. 5. Providencia Island. 6. Cayos de Roncador Island. 7. San Andrés Island. 8. Cayos de Este Sudeste Island. 9. 
Cayos de Albuquerque Island. 10. San Andres Rift. Bathymetric data from ETOPO1 grid dataset (Amante and Eakins, 2009) (For more references see Fig.1). (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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3.2. Gravity data 

We use gravity data acquired by a shipborne geophysical survey, 
conducted in the Colombian Caribbean Sea, by Fugro Geoteam AS. The 
survey is known as the Cayos Basin area (Caribbean). The area consisted 
of 2939 km of gravity data, acquired on-board the M/V Polar Venturer. 
The survey production period was from October 15, 2005, to November 
11, 2005. The onboard gravity data was corrected for latitude, the 
drifting of the equipment, the Eötvös effect and a reduction density of 
2670 kg/m3 and sea level were used as a datum. The products resulting 
from the work, described herein, compile information on the digital 
terrain model, Bouguer gravity, and free-air gravity anomaly. 

As already known, the Bouguer gravity anomaly needs to be 
decomposed into its regional and residual component sources, before 
making any interpretation (Heiskanen and Moritz, 1967; Hofmann- 
Wellenhof and Moritz, 2005). In this research, we applied the trend 
surface method to approximate the regional component of the gravity 
field (Menke, 2012). The trend was removed by applying an orthogonal 
polynomial surface of third-order to the Bouguer grid. We obtained a 
residual Bouguer anomaly map, linked to medium and long wave
lengths, that could be related to the middle and lower crustal densities. 

3.3. Magnetic data 

The magnetic data was obtained from the Decade of North American 
Geology (DNAG), published by (Bankey et al., 2002), between the lon
gitudes 83.3 W◦ to 75.6 W◦ and latitudes 10.7 N◦ to 16.7 N◦. We used 
offshore data acquired from the National Geophysical Data Center of the 
National Oceanic and Atmospheric Administration and which span the 
years 1958 through 1997. According to Bankey et al. (2002), and Oviedo 
Prada et al. (2021), only total magnetic field data were used, to which 
diurnal corrections, when available, had already been applied. The 
DGRF was then removed, using the date of the original surveys. Merging 
surveys was achieved by computational draping, using sea level as a 
datum and applying the method of Cordell (1992). In our work, we used 
the total anomaly of the magnetic field for analysis. This grid was per
formed to a final cell size of 1 km using a minimum curvature algorithm. 

We minimized the polarity effects from the magnetic anomaly by 
applying the Reduction-to-the-pole filtering technique (Blakely and 
Simpson, 1986) using an average latitude of 14◦N. The operation centers 
the magnetic anomalies over their causative features, making the 
interpretation easier and more reliable. 

3.4. Seismic and well data 

For this study we combined interpretations from 2D-reflection 
seismic profiles (see Fig. 2 for location), made by Carvajal Arenas and 
Mann (2018) and Sanchez et al. (2019), to correlate the physical prop
erties with a geological model for the Cayos Basin region. 

The interpretation of the seismic profile A-A’ with a SW-NE trending 
(Fig. 3) (Carvajal Arenas and Mann, 2018) was based on: 1) the corre
lation of wells available in the Nicaraguan Rise (Abrams and Hu, 2000; 
Carvajal and Mann, 2015; Carvajal Arenas, 2017); and, 2) interpretation 
of available 2-D auxiliary seismic data and other works from previous 
authors (Holcombe et al., 1990b; Bowland, 1993; Carvajal Arenas et al., 
2013). Carvajal Arenas and Mann (2018) converted the time domain in 
depth by using the method of Layer Cake Depth Conversion (Marsden, 
1989). 

The Fig. 4 displays an uninterpreted and interpreted seismic profile 
B-B′ across the Cayos Basin (Sanchez et al., 2019), with ages based on 
the description of the well ODP-999. Well ODP-999 (see Fig. 2 for 
location) is tied to the seismic profile in the Colombian Basin. Correla
tions with the reflection seismic record were constrained by comparison 
to synthetic seismograms, calculated using downhole sonic velocity 
(DSV), and density data and the far-field source wavelet represented by 
the seafloor reflection (Abrams and Hu, 2000). 

3.5. 2D forward gravity modeling 

The forward modeling along the Cayos Basin area was calculated 
using the GM-SYS module of Oasis Montaj. GM-SYS creates synthetic 
models through the computation of anomalies caused by an n-sided 
polygon in two dimensions (Talwani and Heirtzler, 1964). Several 
polygons constitute each model and represent different geological 

Fig. 3. Uninterpreted and interpreted seismic profile, west-southwest-trending, in two-way time (TWT), crossing the northwest part of the Cayos Basin. (From 
Carvajal Arenas and Mann, 2018). See Fig. 2 for location. 
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bodies with standard values of density and magnetic susceptibility 
(Telford et al., 1976; Lowrie, 2007). 

The development of the initial and reference model was based on 
known previous seismic (Ludwig et al., 1975; Carvajal Arenas, 2017; 
Sanchez et al., 2019) and drilling data (Abrams and Hu, 2000), as well as 
quantitative and qualitative gravity/magnetic data examination. 
Several values have been tested in order to provide reference starting 
values of the units, geometric and lithological constraints. The values 
were assigned to generate a signal that matched the observed data of the 
main lithology of the basin. Thus, the geometry of the polygons defined 
three main layers: sedimentary cover, crust, and mantle. 

The profiles used for the crustal models were extracted from Free Air 
and the Reduce to the Pole anomalies. We proposed four scenarios for 
the Cayos Basin considering both affinities from the crustal in the basin 
(oceanic and continental). The main parameters used included: 1) 
average crustal and sediment thicknesses: Previous refraction studies 
suggest that the Upper Nicaraguan Rise has a crustal thickness of 20–25 
km (Edgar et al., 1971). The Lower Nicaraguan Rise is underlain by a 
basement, with a thickness of approximately 15–20 km (Mauffret and 
Leroy, 1997) and the Colombian Basin has an approximate crustal 
thickness of between 10 and 18 km (Ewing et al., 1960; Ludwig et al., 
1975). Additionally, Carvajal Arenas (2017) presented the Isostatic 
Moho Depth (IMD), a gravity inversion based on the isostatic equilib
rium and the Archimedes principle, the IMD has an excellent fit with 
refraction methods, for determining the crustal thickness of the western 
Caribbean Sea. Together with the Nicaraguan Rise, Carvajal Arenas 
(2017) estimated the local marine stratigraphic sections to be over 8 km 
thick, characterized by local basins bound by volcanic basement highs. 

2) Sediment, crustal, and mantle densities: For the density model, 
three density values of the crust were taken into consideration, oceanic 
crust (2900 kg/m3), upper continental crust (2700 kg/m3), and lower 
continental crust (2850 kg/m3). Two sedimentary layers, with densities 
of 2200 and 2400 kg/m3, provided the sedimentary infill, with 1027 kg/ 
m3 seawater and 3300 kg/m3 for the mantle. 

3) Parameters of the magnetic field: we included three magnetized 

layers: oceanic crust (0.008 SI units), upper continental crust (0.0035 SI 
units), and lower continental crust (0.004 SI units). We conventionally 
consider that all anomalies are the results of the Earth’s permanent 
magnetic field induction into the rocks containing magnetic minerals. 
Therefore, the magnetic anomalies were modeled with a magnetic field 
intensity of 36,251 nT, an inclination of 41.4◦, and a − 4.7169◦

declination. 
Finally, our modeling is based solely on induced magnetization. 

According to Shive (1989), the probability is high that a body that has 
been exposed to lower crustal conditions for 80 million years, will ac
quire a viscous magnetization. The viscous magnetization of a body in 
the lower crust will be acquired in such a way as to push the total 
magnetization towards a value of about 0.26fH, where f is the volume 
fraction of magnetic material, and H is the external field (Carmichael, 
2017). For any rock containing magnetite as the dominant magnetic 
material, that value is about 25% greater than the induced magnetiza
tion of the rocks above located in the upper crust (Schlinger, 1985; 
Williams et al., 1985; Shive and Fountain, 1988; Shive et al., 1988). 
Thus, the remanent magnetization of the lower crustal rocks is not likely 
to contribute, significantly, to long-wavelength magnetic anomalies 
(Shive, 1989). 

On the other hand, paleomagnetic studies to estimate the paleo
latitude of the Caribbean region, over the past 80 million years, obtained 
during Leg 165 from Site 1000 (See Fig. 2 for location), include rema
nence measurements of split-core sections (typically 1.5 m long). Results 
displayed weak natural remanent magnetizations, typically <8 ×
=10− 4 A/m (Acton et al., 2000). We use these paleomagnetic values in 
our forward modeling, although data from this site do not provide any 
constraints and are not considered. An anomalous total magnetization of 
lower-crustal blocks cannot be explained by suitable values of the 
induced magnetization alone, which also implies an influence of rema
nent magnetization (Maystrenko et al., 2017). However, due to the very 
deep location of the lower-crustal rocks, no data for remanent declina
tion and inclination are available. 

According to Maystrenko et al. (2017), there is also uncertainty 

Fig. 4. NW-SE uninterpreted and interpreted seismic profile along the southern Cayos Basin, and the southeastern part of this profile crosses the western Colombian 
Basin. Depth in milliseconds, TWT (Two-Way travel Time). The seismic line is tied to the ODP-999 well in the Colombian Basin. (From Sanchez et al., 2019). See 
Fig. 2 for location. 
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associated with the magnetic properties of the deep blocks, which are 
directly related to the Curie temperature, or Curie Point, where crustal 
rocks lose their magnetic properties. The case of the Cayos Basin in the 
Western Caribbean Plate, Quintero et al. (2019) shows that the Curie 
isotherm lies between 13 km and 27 km, assuming that the isotherm is 
located in the lower crust. 

4. Results: Crustal configuration of the Cayos Basin from the 
potential field analysis 

4.1. Analysis of magnetic and gravity anomalies 

4.1.1. Gravity data analysis 
Variations in gravity anomalies are shown on the Free-Air, Bouguer, 

and Residual Bouguer grids (Fig. 5). 
These datasets were gridded at a grid increment of 1 km. By defini

tion, the Free-Air anomalies register the combined vertical terrain 
gravity effect and the rooted gravity effect. In this case, the free-air 
gravity anomalies are partially produced by the density contrast be
tween the seawater and the bedrock of the seafloor. Hence, some of 
these anomalies are directly correlated with the bathymetry, suggesting 
that the root effect can be discounted. The Free-Air grid (Fig. 5A) reveals 
that the Cayos Basin is dominated by a mixture of positive gravity 
(~141 mGal) anomalies and negative gravity (− 63 mGal) anomalies. As 
can be seen, well-defined edges of circular geometries and positive 
wavelengths characterize the basin, showing correlation with numerous 
islands and coral banks (e.g., Cayos de Roncador, San Andrés, Cayos de 
Este Sudeste and Cayos de Albuquerque). Circular geometries with 
negative wavelengths reveal the main depressions. It is evident in the 
San Andres Rift, where negative anomalies (− 60 mGal) show correlation 
con this feature mapped in the bathymetry (Fig. 5A). Towards the 
Colombian basin, the correlation with bathymetry is not obvious. The 
anomalies reveal positive values that reach ~141 mGal under the 
Colombian basin. Considering that we used a reduction density of 2670 
kg/m3 for the Bouguer correction, the positive values of the Bouguer 
anomaly observed (Fig. 5B) (pink/magenta tones), indicate the presence 
of bodies denser than the reference value. Negative values would 
correspond to lighter rocks. In general, the Bouguer gravity anomaly 
map reflects that the gravitational field increases in the southeast 
direction. 

A third-order polynomial trend surface was removed from the Bou
guer anomaly. As a result of the application of this technique, the re
sidual anomalies elucidate the crustal density changes. The Residual 
Bouguer exhibits a value range of between − 210 mGal and about 70 
mGal. The gravity low values (− 200 mGal) are found to the north-west 
in the vicinity of the Pedro Bank Fault Zone (dark blue tones) (Fig. 5C). 
In the Lower Nicaraguan Rise, anomalies present values between − 13 
mGal and 28 mGal (light green and yellow tones) (Fig. 5C). To the east, 
the results indicate maximum value anomalies in areas of the Colombian 
Basin, reaching gravity values up to 289 mGal (Fig. 5C). The residual 
gravity anomaly map suggests that the Cayos Basin is not a simple 
depression, but contains at least four separate sub basins (four different 
gravity minima). The regions with short wavelengths and negative Re
sidual Bouguer (blue colors) are indicative of these smaller depocenters 
(Fig. 5C). A discontinuous lineament with high values (~20 mGal) is 
present towards the eastern area of the San Andres Rift. 

4.1.2. Magnetic data analysis 
In this section, we present the regional interpretation of magnetic 

data. The total field magnetic map (Fig. 6A) shows values ranging be
tween − 726 nT and 545 nT, with an average of − 49 nT. In order to 
minimize the polarity effects, we applied the Reduction to the Pole to the 
total magnetic field. Anomalies interpreted from the total magnetic field 
are now become larger anomalies after the filter was applied, showing a 
range from − 944 to 697 nT (Fig. 6B). The reduce to the pole shows that 
most of the Cayos Basin is characterized by short wavelengths and high 

amplitudes as large as 300 nT (pink/magenta tones). Negative ampli
tudes are found between these magnetic highs and correspond to small 
sub-basins. The Upper Nicaraguan Rise can be identified by the contact 
of positive long wavelengths (250 nT) against negative wavelengths 
(− 350 nT). The magnetic signature in the Colombian Basin records 
striking E-W structures with positive (280 nT), and negative values 
(− 470 nT). 

The linear artifacts of small-scale magnetic anomalies crossing tec
tonic elements are primarily related to merging surveys. These elements 
are caused by data acquisition (shipboard tracks) at widely different 
times and by differences in merging procedures. 

4.2. 2D forward modeling across the Cayos Basin in the LNR 

The 2D forward modeling was carried out using GM-SYS software on 
both Free Air and the Reduce to the Pole anomalies, along three profiles 
(Fig. 2). The anomalies were calculated for polygon bodies, with stan
dard values of density and magnetic susceptibility. Each value was 
assigned to generate a signal that matched the observed data of the main 
lithology of the Cayos Basin, and the geometry of the polygons defined 
three main layers: sedimentary cover, crust, and mantle. The structural 
styles in the profiles were carried out, based on seismic lines observa
tions from previous works (Carvajal Arenas and Mann, 2018; Sanchez 
et al., 2019). In general, the seismic sections show a system of exten
sional faults involving the upper crust and sedimentary sections, where 
carbonate complexes are at the top of shallower basement highs. The 2D 
crustal models (Figs. 7, 8, 9, and 10) shed light on the deep crustal ar
chitecture of the region, and these were selected, based on their 
geographical location (Fig. 2), to a depth of 25 km. 

Profile 1, oriented NW-SE (Fig. 7), was modeled with a length of 280 
km and compared with the seismic profile (B–B′) (Fig. 4). The profile 
extends from the Cayos de Serrana Island to the northwest edges of the 
Kogi Rise with gravity ranging from 2 to 37 mGal. The magnetic values 
between − 363 and 251 nT. The regional field shows significant varia
tions at the Cayos de Serrana Island, in the center of the profile, and SE 
boundaries at the Kogi Rise, interpreted as basement highs in the LNR 
based on the seismic profile along Line B–B′(Fig. 4). Along the Cayos de 
Serrana Island, the profile shows an uplifted block with positive gravity 
(20 mGal) and magnetic (250 nT) anomalies. Towards the center, an 
uplifted block shows high gravity values (~35 mGal) and negative 
magnetic values (− 360 nT). The Hess Escarpment Fault Zone displays 
free-air values that reaches 21 mGal (Fig. 7B) and the magnetic profile 
reaches ~75 nT. Towards the SE, areas with positive anomalies (28 
mGal and 112 nT) are present at the northwest edges of the Kogi Rise. 
The Moho depth reaches approximately 17.5 km. 

Profile 2, oriented NW-SE, was modeled with a length of 200 km 
(Fig. 8). The profile extends from the San Andres Rift to the Hess 
Escarpment Fault Zone and across Providencia Island. The gravity 
values show a range, from − 24 mGals and 32 mGals, and magnetic 
values between − 260 nT and 118 nT. The regional field shows gravity 
and magnetic variations at the NW and SE boundaries. Towards the NW 
over the San Andres Rift, profile show wavelength with negative 
amplitude (− 24 mGals and − 250 nT) where the seismic section A-A’ 
(Fig. 3) shows a graben morphology with elevated Moho surface. Along 
the eastern rift shoulder of the San Andres Rift, the profile show positive 
gravity (26 mGals) and magnetic (20 nT) anomalies. Towards the SE, 
gravity and magnetic positive peaks represent the Hess Escarpment 
Fault Zone. The profile displays a signature of the free-air that reaches 
32 mGals, and the magnetic field anomaly profile reaches approximately 
~118 nT over the fault zone (Fig. 8). The Moho depth shows ranges from 
17 to 18 km in the central part, and it’s thinning in the San Andres Rift. 

Profile 3, oriented SW-NE, is 300 km long (Fig. 9). The range of 
gravity values varies between − 25 mGals and 37 mGals, and values of 
magnetic anomalies vary between − 386 nT and 150 nT. The profile 
extends from the western edge of the Cayos Basin to the Cayos de Ser
rana Island and across Providencia Island. Gravity and magnetic 
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Fig. 5. Gravity grids of the Cayos Basin. (A) Free Air Anomalies. (B) Bouguer Anomalies. (C) Residual Bouguer Anomalies.  
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modeling along profile 2 (Fig. 9C) display a signature of the free-air 
gravity anomaly ranging from − 25 to 38 mGal (Fig. 9B), and a mag
netic field anomaly profile with values between − 380 and 150 nT, with 
a significant magnetic anomaly low located in the center of the profile 
(Fig. 9A). Towards the SW, areas with negative anomalies (− 25 mGals 
and − 270 nT) are present in the San Andrés Rift. The San Andres Rift, in 
the eastern shoulder, shows a block that exposes Providencia Island, 
with anomalies that display high gravity values (~37 mGal) and positive 
magnetic values (~22 nT). Towards the eastern edge, a long-wavelength 
tendency shows the emerged area that conforms to Cayos de Serrana 
Island. This morphological structure corresponds to an uplifted block 

where the basement has well-defined edges and positive amplitudes in 
the anomalies. Another peak at the central part of the profile generates 
negative value magnetic anomalies. Here, smaller, local basins with 
important sedimentary infill are formed between uplifted blocks. The 
Moho depth reaches approximately 18 km, showing a thinning in the 
San Andres Rift, with a thickness of 15 km. 

We attempted to reduce the level of misfit between observed and 
calculated data. In general, the misfit between observed and calculated 
gravity and magnetic values can occur for three reasons: 1) the assumed 
rock density and susceptibility values may be inaccurate; 2) the rock 
units may not be homogeneous in density and magnetization, and, 3) 

Fig. 6. Magnetic grids of the Cayos Basin. (A) Total Magnetic Field Anomalies (B) Reduce to the pole.  
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there may still be uncertainty in the boundaries of the rock units. In this 
work, we achieved an acceptable level of misfits, using average density 
and susceptibility values, and kept the geologic control of boundaries 
with the seismic profile. 

5. Interpretation and discussion 

Detailed analysis using the potential fields (gravimetric and mag
netic anomalies) provides new knowledge of the crustal structure of the 
Cayos Basin in the LNR. Several authors still debate about the entire 
Nicaraguan Rise belonging to the Precambrian-Paleozoic continental 
Chortis block (Dengo, 1985; Krawinkel and Seyfried, 1994; Hradecky, 
2011), or only the upper part to consist of thinned continental crust 
(Case et al., 1990; Mauffret and Leroy, 1997; Rogers et al., 2007). Some 
authors (e.g. Case et al., 1990; Holcombe et al., 1990a; Mauffret and 
Leroy, 1997; Muñoz et al., 1997) assume that the LNR may be composed 
of oceanic crust, but, in contrast, Mauffret and Leroy (1997) postulate 
that it belongs to the CLIP. The latest studies that include bathymetric 
mapping, sampling, and geochemical analyses, indicate that at least the 
northeast portion of the LNR and Hess Escarpment is of volcanic origin, 
and belong to the second stage formation of the CLIP (Dürkefälden et al., 
2019). 

In this study, gravity and magnetic measurements reveal numerous 
anomalous bodies with distinctive geophysical signatures below the 
Cayos Basin. An approach was applied using the Free Air Gravity 
Anomaly. The values revealed a mixture of positive (141 mGal), and 
negative (− 63 mGal) gravity anomalies. The map shows correlation of 
various gravity highs with numerous islands, such as Cayos de Ronca
dor, San Andrés, Cayos de Este Sudeste and Cayos de Albuquerque. 
Circular geometries, with well-defined edges, defined these high-density 
bodies. We related these patterns to submarine hills, assuming that their 
formation is associated with volcanic events on the seafloor, as indicated 
by Geister (1992) and MacMillan et al. (2004). Also, negative anomalies 
of the order of − 60 mGal show correlation with the San Andres Rift 
features mapped in the bathymetry. Towards the Colombian basin, the 
correlation with bathymetry is not obvious. Here, the core of the 
Caribbean plate is largely composed of an over-thickened oceanic 
plateau with an atypical thickness (Edgar et al., 1971; Bowland, 1993; 
Kroehler et al., 2011). Therefore the Free-Air values reveal a mass excess 
under the basin as described by (Garzón-Moreno and Hernández-Pardo, 
2018). 

Our investigations indicate the presence of dense and highly mag
netic geologic bodies. We analyze the subsurface density variations with 
Bouguer and Residual Bouguer anomalies. On the one hand, the Bouguer 

Fig. 7. Profile 1. A. Observed and calculated gravity anomalies. B. Observed and calculated magnetic anomalies. C. Gravity and magnetic forward model. Abbre
viations: CASI: Cayos de Serrana Island. HEFZ: Hess Escarpment Fault Zone. KG: Kogi Rise. See Fig. 2 for location. 
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gravity anomaly show values ranging from 22 mGal y 289 mGal 
(Fig. 5B) and exhibit a decrease of the gravitational field in the north
west direction. The general decrease in the gravity field is due to the 
thinning of the crust (Buness et al., 1992; Jallouli and Mickus, 2000). In 
order to highlight the gravity anomalies caused by crustal density 
changes, the third-order polynomial surface was applied. The residual 
gravity anomalies obtained through the third-order polynomial surface, 
in general, reflect the configuration of the Moho surface (Buness et al., 
1992). In the Cayos Basin, residual anomalies values between − 13 mGal 
and 28 mGal, are evidence of higher density crustal and correlate better 
with the structural features. On the other hand, the magnetic signature 
of most of the Cayos Basin portrays a complex province, with circular 
shapes as large as 300 nT. The high magnetic anomaly amplitude, about 
250 nT, supports a magnetization similar to a volcanic origin (de Moura 
et al., 2019), which could be related to the highly magnetic volcanic 
edifices found on the ocean floor. Milliman and Supko (1968) gathered 
geomagnetic data during a survey cruise to the San Andrés area, which 
indicated possible deep-seated volcanic bodies under the limestone caps 
of the atolls and San Andrés Island. Their volcanic origin was further 

supported by a basaltic pebble that was dredged from a depth of about 
700 m at the Albuquerque Bank, during the same expedition. This cor
roborates the volcanic origin of the Cayos Basin basement hypothesis, 
where edifices play an important role in the distribution of magnetized 
ground. To the east, the results exhibit high values of approximately 70 
mGal, and agree with the structure of a thick oceanic crust under the 
Colombian basin, composed mainly of the CLIP (Burke et al., 1978; 
Burke, 1988). The magnetic signature records striking E-W structures. 
The amplitudes and the wavelengths of the anomalies are typical for a 
basaltic crust (Werner et al., 2011), related to the development and 
growth of the CLIP, by the Late Cretaceous. 

To determine the thickness and affinity of the crustal block below the 
Cayos Basin, four 2D gravity/magnetic forward models were performed, 
using Free Air and Reduce to the Pole profiles. Profiles 1, 2, and 3 
considered Cayos Basin as a homogeneous oceanic crust, with crustal 
thickness changes from the thinned oceanic crust (15 km) in the San 
Andres Rift, to a thick oceanic crust (17–18 km). The error observed 
between gravity and magnetic modeling for Profile 1, NW-SE (Fig. 7), 
was 6.12% and 13.28%, respectively. Profile 2 (Fig. 8) shows a 16.08% 

Fig. 8. Profile 2. A. Observed and calculated gravity anomalies. B. Observed and calculated magnetic anomalies. C. Gravity and magnetic forward model. The model 
displays a signature of the free-air gravity anomaly ranging from − 24 mGals and 32 mGals, and a magnetic field anomaly profile with values between − 262 nT and 
118 nT. Abbreviations: HEFZ: Hess Escarpment Fault Zone. PI: Providencia Island. SAR: San Andres Rift. See Fig. 2 for location. 
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error observed in magnetic anomalies, and 2.92% in gravity anomalies. 
Finally, profile 3 (Fig. 9), displays an error of 10.25% and 8.72% for the 
magnetic and gravity response, respectively. 

The differences between observed and modeled data reveal a com
plex structure, however, we assume that the long-wavelength anomalies 
present in the observed data are originated from a basement structure. 
Positive wavelengths probably characterize geological sources with 
density and high magnetization. 

We evaluated an alternative approach for a crustal structure, where 
we assume that the Cayos Basin consists of thinned continental crust 
(Fig. 10). The model was tested along with profile 3, SW-NE (See Fig. 2 
for location), with changing density and susceptibility values associated 
with a continental crustal type. The observed and modeled curves in this 
alternative model do not match, and present an error of 95.73% and 
93.48%, in magnetic and gravity anomalies, respectively. We discarded 
this approximation and considered profiles 1, 2, and 3 as the most ac
curate. Where an oceanic crust is represented, gravity and magnetic 
signals are produced that better match the observed data. 

6. Conclusions 

An integrated geophysical analysis of potential fields (gravimetric 
and magnetic anomalies) of the Cayos Basin area in the Lower Nicar
aguan Rise, indicates that there is a distinct variation in the crustal ge
ometry. The presence of the basement surface suggests a depth of 
between 2 km and 6 km and the Moho discontinuity about 18 km below 
the Cayos Basin. An area of shallower Moho may indicate thinning of the 
crust below the San Andres Rift. 

The variations in gravity and magnetic measurements indicate a 
heterogeneous structure and distinctive geophysical signatures below 
the Cayos Basin and surrounding areas. Gravity lows of as much as − 200 
mGal are found along the Pedro Bank Fault Zone, and intermediate high 
gravity anomalies are evidence of a higher density that extends 
throughout the Cayos Basin to the Colombian Basin. Magnetic anomalies 
clearly defined the heterogeneity in the magnetic susceptibility of 
scattered rocks in the Upper and Lower Nicaraguan Rise. 

The oceanic nature of the crust underlying the Cayos Basin is 
demonstrated by 2D gravity/magnetic forward models, where modeled 

Fig. 9. Profile 3. A. Observed and calculated gravity anomalies. B. Observed and calculated magnetic anomalies. C. Gravity and magnetic forward model. The range 
of gravity values varies between − 25 mGals and 37 mGals, and values of magnetic anomalies vary between − 386 nT and 150 nT. Abbreviations: CASI: Cayos de 
Serrana Island. PI: Providencia Island. SAR: San Andres Rift. See Fig. 2 for location. 
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data signals more closely matched the observed data than when 
considering a continental crust. We show that the region is of oceanic 
affinity, arguing against the assumption that the area may be part of the 
continental Chortis block, with it being more consistent that it pertains 
to the CLIP. 

Our results are consistent with the seismic predictions of an oceanic 
crust below the Cayos Basin, rather than the continental Chortis block, 
confirming the suggestion of Mauffret and Leroy (1997) and Dürkeflä
den et al. (2019). 

Data availability 

Gravimetric, magnetic, and bathymetry data used in this study are 
publicly available in Zenodo Repository (DOI: https://doi.org/10. 
5281/zenodo.4035173) and at URL: https://zenodo.org/badge/D 
OI/10.5281/zenodo.4035173.svg. 
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Dürkefälden, A., Hoernle, K., Hauff, F., Werner, R., Garbe-Schönberg, D., 2019. Second- 
stage Caribbean large igneous Province VOLCANISM: the depleted icing on the 
enriched cake. Chem. Geol. v. 509, 45–63. 

Edgar, N.T., Ewing, J.I., Hennion, J., 1971. Seismic refraction and reflection in Caribbean 
Sea. AAPG Bull. 55, 833–870. 

Ewing, J., Antoine, J., Ewing, M., 1960. Geophysical measurements in the western 
Caribbean Sea and in the Gulf of Mexico. J. Geophys. Res. 65, 4087–4126. 

Garzón-Moreno, L.A., Hernández-Pardo, O., 2018. Estado isostático del abanico del rio 
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